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1 I N T RO D U C T I O N
Mud redeposition and clay-rich sediment compaction experiments
have greatly improved our understanding of inclination shallowing
of detrital remanent magnetization recorded in marine sedimentary
sections (Blow & Hamilton 1978; Anson & Kodama 1987; Deamer
& Kodama 1990; Jackson et al. 1991; Sun & Kodama 1992). Based
∗ Corresponding address: Washington University in St. Louis (Earth and
Planetary Sciences) Campus box 1169, One Brookings Drive St. Louis, MO
63130 United States

C

on these shallow basin simulation studies several mechanisms that
couple remanence bearing minerals to clay particles or clay particle aggregates have been proposed: (1) electrostatic forces that
cause positively charged ferrimagnetic minerals to adhere to the surface of negatively charged clay particles (Anson & Kodama 1987),
(2) bonding of ferrimagnetic minerals and clay particles by Van der
Waals forces (Deamer & Kodama 1990; Lu et al. 1990; Katari &
Tauxe 2000) and (3) incorporation of remanence bearing particles
into clay domains, that is aggregation of clay particles (Deamer &
Kodama 1990). Regardless of the importance of specific mechanisms involved in particle rotation and alignment in response to the

The Authors 2012. Published by Oxford University Press on behalf of The Royal Astronomical Society.

1

Downloaded from http://gji.oxfordjournals.org/ by guest on December 30, 2012

SUMMARY
Inclination shallowing of detrital remanent magnetization in sedimentary strata has solely
been constrained for the mechanical processes associated with mud deposition and shallow
compaction of clay-rich sediment, even though a significant part of mud diagenesis involves
chemical compaction. Here we report, for the first time, on the laboratory simulation of
magnetic assemblage development in a chemically compacting illite shale powder of natural
origin. The experimental procedure comprised three compaction stages that, when combined,
simulate the diagenesis and low-grade metamorphism of illite mud. First, the full extent of
load-sensitive mechanical compaction is simulated by room temperature dry axial compression. Subsequently, temperature controlled chemical compaction is initiated by exposing the
sample in two stages to amphibolite or granulite facies conditions (temperature is 490 to
750◦ C and confining pressure is 170 or 300 MPa) both in the absence (confining pressure
only) and presence of a deformation stress field (axial compression or confined torsion). Thermodynamic equilibrium in the last two compaction stages was not reached, but illite and mica
dehydroxylation initiated, thus providing a wet environment. Magnetic properties were characterized by magnetic susceptibility and its anisotropy (AMS) in both high- and low-applied
field. Acquisition of isothermal remanent magnetization (IRM), stepwise three-component
thermal de-magnetization of IRM and first-order reversal curves were used to characterize
the remanence-bearing minerals. During the chemical compaction experiments ferrimagnetic
iron-sulphides formed after reduction of magnetite and detrital pyrite in a low sulphur fugacity
environment. The degree of low-field AMS is unaffected by porosity reduction from 15 to
∼1 per cent, regardless of operating conditions and compaction history. High-field paramagnetic AMS increases with compaction for all employed stress regimes and conditions, and
is attributed to illite transformation to iron-bearing mica. AMS of authigenic iron-sulphide
minerals remained constant during compaction indicating an independence of ferrimagnetic
fabric development to chemical compaction in illite shale powder. The decoupling of paramagnetic and ferrimagnetic AMS development during chemical compaction of pelite contrasts
with findings from mechanical compaction studies.
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USA) from the study of Bruijn (2012). The range in porosity (1
to 15 per cent) and the mechanism behind compaction differ significantly from those investigated in laboratory studies that looked
at inclination shallowing in the realm of mechanical compaction
(Blow & Hamilton 1978; Anson & Kodama 1987; Deamer & Kodama 1990; Jackson et al. 1991; Sun & Kodama 1992). Samples
are characterized by their bulk magnetic susceptibility (Km ), and
anisotropy of magnetic susceptibility (AMS) in both low- and high
fields. In addition, magnetic remanence is described using acquisition of isothermal remanent magnetization (IRM), stepwise thermal demagnetization of a three-component IRM (Lowrie 1990),
and construction of first-order reversal curves (FORC) diagrams
(Pike et al. 1999; Roberts et al. 2000). We place particular emphasis upon defining subfabrics of the paramagnetic (phyllosilicates)
and ferrimagnetic phases and their evolution with compaction, to
investigate for the first time inclination shallowing in the realm of
chemical compaction.
2 METHOD
2.1 Source material
The material used in the exploratory chemical compaction experiments of Bruijn (2012) is the illite-rich Maplewood Shale from
the Lower Clinton Group (Llandoverian) in the Appalachian basin
of Western New York (e.g. Brett et al. 1990; Rogers et al. 1990),
R
. The mineral composition of
supplied by Ward’s Natural Science
Maplewood Shale consists of illite, clinochlore, quartz, and phengite as primary phases (>5 vol. per cent) with smectite, pyrite,
rutile, apatite and biotite as secondary phases (<5 vol. per cent),
as determined by scanning electron microscopy (SEM) and X-ray
diffraction (XRD; Figs 1a and b). Similar findings have been reported by Saffer & Marone (2003) and Kaszuba et al. (2005).
Based on 5.0 km burial depth estimates for nearby Late-Ordovician
Trenton Group carbonates (Friedman 1987) Maplewood Shale is
inferred to have experienced typical smectite illitization under late

Figure 1. (a) X-ray powder diffraction spectrum for natural Maplewood
Shale (NAT), with mineral identification for the major peaks. (b) SEM
backscatter electron micrograph of Maplewood Shale, with mineral phase
identification using atomic number contrast, grain shape, and energy dispersive spectroscopy. Mineral abbreviations are Q, quartz; Ill, illite; Bio,
biotite; Py, pyrite; Ap, apatite.
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increasing overburden load, the axis of easiest magnetization rotates
towards a shallower orientation (Anson & Kodama 1987; Arason
& Levi 1990a; Deamer & Kodama 1990; Sun & Kodama 1992).
In addition, below loads of 0.02 MPa, inclination may also shallow
as a result of preferred disturbance of unattached (free) subvertical
ferrimagnetic minerals (Sun & Kodama 1992).
The work of Blow & Hamilton (1978), Anson & Kodama (1987),
Deamer & Kodama (1990) and Sun & Kodama (1992) provided
great insight into the effect of mud deposition and subsequent compaction on inclination shallowing, demonstrating activated fluid expulsion, grain close packing and grain rotation/reorientation in their
mud samples even at the relatively low maximum load (<2.5 MPa)
and room temperature conditions. Compaction (i.e. the reduction
of pore volume or porosity) because of these processes is typically
referred to as mechanical compaction and is restricted to the upper ∼2 km of buried strata in sedimentary basins (e.g. Rieke &
Chilingarian 1974; Bjørlykke 1998). In deeper domains, diagenesis
continues at higher temperature activating mineral transformation;
most importantly first smectite to illite (∼70 to 150◦ C) and later
(250 to 350◦ C) illite to phengite (e.g. Hower et al. 1976; Merriman
& Peacor 1999). Silica release associated with these transformation
reactions is a primary source for cementation (e.g. Towe 1962; Boles
& Franks 1979; Land et al. 1997; Van de Kamp 2008; Day-Stirrat
et al. 2010). Porosity reduction associated with cementation and
mineral transformation is generally referred to as chemical compaction (e.g. Bjørlykke 1998). The full extent of mud diagenesis or
lithification includes both mechanical and chemical compaction.
Outside the domain of rock magnetism, mechanical compaction
of mud has been extensively studied in the laboratory, using modified oedometric cells that impose a uniaxial stress field of up to
100 MPa effective normal stress (simulating burial to 6.5–7.0 km)
and temperature (<150◦ C) on a dry or fluid-saturated sample (e.g.
Vasseur et al. 1995; Nygård et al. 2004; Mondol et al. 2007; Voltolini
et al. 2009; Fawad et al. 2010; Schneider et al. 2011). The experiments show good agreement with porosity-depth trends derived
from well logs and drill cores until the onset of chemical compaction
marked by the first occurrence of authigenic illite (Mondol et al.
2007; Peltonen et al. 2009). Despite the notable effect of chemical
compaction on mudstone and shale petrophysical properties, laboratory studies that support the observations from nature are lacking.
Heating and stress field limitations of the customized oedometric
cells, and the slow kinetics of clay transformation reactions limited
research in this direction (Bjørlykke 1998).
Recently, an exploratory study by Bruijn (2012) demonstrated
that mud diagenesis and very low-grade metamorphism can be
simulated in a laboratory environment, provided underlying mineral transformation and cementation processes are accelerated to
complete within laboratory timescales. By using rock deformation
apparatus instead of modified oedometric cells, and geologically
extraordinary temperature (ambient temperature and 490–750◦ C)
and pressure (160 and 300 MPa) conditions, powder of illite shale
could be compacted down to ∼ 1 per cent in a compaction procedure that simulates the transformation of illite mud into lower
greenschist facies metapelite. Thermodynamic forward modelling
revealed that the mineral reactions involving phyllosilicate minerals are barely sensitive to pressure and that in chemical equilibrium
high-grade amphibolite and granulite facies mineral assemblages
can be expected. The duration of the experiments was however too
short for equilibrium to be reached, keeping the metamorphic grade
low (Bruijn 2012).
Here we report on the evolution of magnetic properties in experimentally compacted illite shale powder (origin Maplewood Shale,
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Table 1. Compaction history and statistical data for bulk magnetic susceptibility of natural Maplewood Shale and derived
experimentally compacted synthetic metapelites.
Sample group

Compaction history

Mean Km (μSI)

Min Km (μSI)

Max Km (μSI)

Na

Standard errorb

Nature
Nature

223
2516

200
1341

266
3938

11
13

7.5
323.4

1+2
1 + 2 + 3a
1 + 2 + 3b
1 + 2 + 3b
1 + 2 + 3b
1 + 2 + 3b
1 + 2 + 3b

497
967
421
367
455
333
846

473
559
209
234
442
255
262

547
1122
709
469
469
408
1430

10
10
21
4
2
5
2

7.6
70.2
31.2
58.6
13.5
24.2
584.1

Maplewood Shale
NAT
NAT (Pwd)c
Synthetic metapelites
HIP1
HIP2
PAT1 (C) d
PAT1 (Pc )e
PAT1 (C750 )f
PAT1 (Cp )g
PAT1 (T)h

= number of measurements.
error = (σ n−1 )0.5 , where σ is standard deviation.
c (Pwd) refers to crushed shale (i.e. illite shale powder before compaction stage 1).
d (C) refers to axial compression conditions during compaction stage 3b.
e (P ) refers to confining pressure conditions during compaction stage 3b.
c
f (C
◦
750 ) refers to axial compression at 750 C conditions during compaction stage 3b.
g (C ) refers to axial compression and pore pressure conditions during compaction stage 3b.
p
h (T) refers to confined torsion conditions during compaction stage 3b.
an

b Standard

2.2 Experimental background
To achieve chemical compaction of illite shale powder in laboratory timescales, Bruijn (2012) developed a three-stage compaction
procedure that made use of three different rock deformation apparatus and three distinct stress fields. The sequence of experiments involves load-sensitive mechanical compaction, followed
by temperature-sensitive chemical compaction with the absence or
presence of directed constant strain-rate deformation, thus essentially simulating diagenesis and very low-grade metamorphism of
illite mud with and without tectonic forces. Besides addressing
chemical compaction for the first time experimentally, by applying
and withholding simulated tectonic forces, this novel procedure also
allowed the evaluation of the role of the stress field on the porosity,
microstructural, chemical and magnetic development of illite mud
diagenesis and low-grade metamorphism. The role of the stress field
is evaluated by comparing AMS development during compaction
under lithostatic (i.e. pressure and temperature) conditions with its

development during compaction under non-lithostatic or dynamic
(i.e. pressure, temperature and strain rate or stress) conditions.
To highlight the changes in mineral composition with respect to
the illite shale starting material the lithified and metamorphosed
low-porosity samples in Bruijn (2012) are referred to in this paper
as synthetic metapelites. For interpretation purposes, the synthetic
metapelites are grouped according to their compaction stage history
rather than treated individually (Table 1).
2.2.1 Compaction stage 1
In stage 1, crushed illite shale [NAT (Pwd)] was compressed inside
stainless steel canisters enclosed within a heavy steel casing using
a ram to provide ∼200 MPa of vertical stress (σ v ) (Fig. 2a). The
employed stress field is known as confined or axial compression and
is categorized as non-lithostatic. Axial or confined compression is
the stress field state in which one principal stress is greater than
the other two that are equal and greater than zero (Fig. 2d). In rock
deformation experiments such a stress field is established when a
(pressurized) confining medium imposes a horizontal force, and a
vertical actuator-driven ram or piston imposes an additional force on
a sample. Axial compression typically results in vertical shortening
of the sample, which in the case of pure shear deformation (no
volume loss) is compensated for by horizontal extension or in the
case of compaction is accommodated purely by volume reduction
of pore space. In compaction stage 1, a hydraulic ram provided
the maximum stress (σ v ), whereas in the horizontal plane the steel
casing provided the minimum stress (σ h ; Fig. 2d).
The excessive load (>100 MPa) ensured exhaustion of mechanical compaction processes and allowed the inference that compaction
in later stages could be solely ascribed to chemical processes (e.g.
Rieke & Chilingarian 1974; Vasseur et al. 1995; Nygård et al. 2004;
Mondol et al. 2007). Stage 1 simulated cold sediment burial to a
depth of 11–13 km, using a modified Pascal’s law with an average
effective density of water-saturated sedimentary rock of 1.5 kg m−3 ,
but without the application of heat, and solely initiated mechanical
compaction; that is no lithification or mineral alteration of the illite
shale powder.
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diagenetic to anchizone burial conditions, which led to chemical
compaction already under natural circumstances (e.g. Hower et al.
1976; Merriman & Peacor 1999). Consequently, the experimental
chemical compaction of illite shale powder relied on illite/phengite
transformation, which is naturally activated under epizone conditions (e.g. Merriman & Peacor 1999; Van de Kamp 2008). Other
illite-rich shales proved unsuitable because they were either contaminated with other clay minerals and/or carbonates, which would
unnecessarily complicate the chemistry of the system or comprised
uncharacteristic average grain size because of a large fraction of
silt- and sand-size detrital grains; not representing the classic view
of clay-dominated shale.
Illite shale powder [hereafter referred to as NAT (Pwd)] was
produced by crushing fragments of Maplewood Shale (NAT) using
a high power tungsten ‘shaker’. NAT (Pwd) has 15 vol. per cent clay
(<2 μm), 80 vol. per cent silt (2–63 μm) and 5 vol. per cent sand
(>63 μm) by size fraction, and an average grain size of 20 μm, as
determined by laser diffraction using a Malvern Mastersizer 2000
with ultrasonic agitation.
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2.2.2 Compaction stage 2 and 3a
In stage 2, illite shale powders were thermally further compacted for
24 hrs inside the canisters from stage 1 by pressurized and heated
argon gas (170 MPa and 590◦ C), using a hot isostatic press (HIP)
apparatus (Fig. 2b). The compressed gas exerts an equal force to
the canisters from all directions (Fig. 2e), creating a stress field
commonly referred to as confining pressure. Compaction by confining pressure is the laboratory equivalent of lithostatic pressure in
nature. A confining pressure stress field theoretically results in pure
contraction (i.e. volume loss by equal shortening in all directions).
In practice, however, shortening often differs, with maximum strain
in the vertical orientation.
Unlike other studies that have used a HIP for material compaction (e.g. Till et al. 2010), oxygen fugacity during stage 2 was
not buffered. Stage 2 lithified the illite shale powder and initiated
the transformation of illite into phengite, thereby creating a moderately porous (porosity 11–15 per cent) synthetic metapelite. The
resulting canisters were then split into two groups. The first of which
was further compacted in the HIP (170 MPa and 490◦ C), which is
denoted compaction stage 3a. From the second group cylindrical
samples were prepared for stage 3b, by drilling with a hollow diamond coring drill-bit to yield samples of 10 or 15 mm diameter and
of 5–20 mm length via wet abrasive paper polishing. Stages 2 and

3a simulated very low to low-grade metamorphism pelite transformation under lithostatic conditions, by exposing illite shale powder
for a relative short period to amphibolite facies conditions.
2.2.3 Compaction stage 3b
In stage 3b, compaction was continued using a Paterson-type HPT
gas-medium testing machine (Paterson apparatus) equipped with
axial and torsion actuators and pore-pressure system (Fig. 2c; Paterson 1990; Paterson & Olgaard 2000). Constant argon gas pressure
of 300 MPa was typically applied to pressurize the sample assembly
inside the pressure vessel, whereas the internal furnace provided a
fixed temperature of 500, 650, 700 or 750◦ C. Compaction in stage
3b tests was enforced by exposing the sample to heat and either
(1) a confining pressure or (2) an axial compression or (3) a confined torsion stress field (Figs 2d and f), which led to predominantly
contraction, pure or, simple shear deformation of the sample, respectively. Confined torsion is an adaptation of axial compression
in that, instead of an additional vertical force, a torque is enforced
on the sample by means of a servo-motor-controlled rotational twist
(Fig. 2f; Paterson & Olgaard 2000). All principal stresses are equal,
but a shear stress in the horizontal plane is nonzero. Consequently, a
vertical line in a twisting sample deforms by simple shear. Confined
torsion is a non-lithostatic type of stress field.
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Figure 2. (a–c) Schematic, but unscaled drawings of the compaction apparatus used in the experimental compaction procedure in Bruijn (2012). (a) A 40
tons hydraulic press in combination with a stainless steel canister and heavy steel casing, used for compaction stage 1 experiments. (b) The hot isostatic press
(HIP) apparatus used for compaction stages 2 and 3a experiments. Together with other canisters, the mechanically compacted illite shale powder is heat treated
under a confining pressure stress field. (c) The Paterson-type HPT gas-medium testing machine (Paterson apparatus) equipped with axial and torsion actuators
used for compaction stage 3b experiments. (d–f) 2-D representations of the stress fields associated with (d) axial compression, (e) confining pressure and (f)
confined torsion, used in Bruijn (2012) to simulate chemical compaction of illite shale. Axial compression and confined torsion are considered non-lithostatic
stress fields. Confining pressure is the laboratory equivalent of a lithostatic stress field.

AMS development during chemical compaction
Activation of an externally mounted torsion or axial actuator
imposed constant twist rates (torsion) or displacement rates (axial
compression) and resulted in shear- and axial- strain rates, respectively, ranging from 10−6 to 10−4 s−1 . In the case of axial compression, maximum sample shortening was 20 per cent. Although,
simple shear deformation (torsion) was limited to a shear strain of
0.3. To study the sensitivity of chemical compaction to (effective)
pressure and the addition of pore pressure, Bruijn (2012) also performed single axial compression tests at 500, 650 and 700◦ C with
additional argon gas pressure inside the sample (20 or 50 MPa),
using the pore pressure system available for a Paterson apparatus.
Stage 3b simulated very low to low-grade metamorphism illite mud
transformation under non-lithostatic conditions by reheating illite
shale powder for a relative short period to amphibolite or granulite
facies conditions whereas forcing deformation in a pure shear or
simple shear deformation style.
2.2.4 Rationale experiment conditions

2.3 Sample analysis
The degree of compaction was quantified by porosity, measured
with a Micromeritics AccuPyc 1330 helium pycnometer. To ensure
accuracy the calculations were based on an average of seven volume
determinations of cylindrical samples (Bruijn 2012).
Bulk magnetic susceptibility was determined with a low-field
Agico KLY-2 susceptibility bridge (300 Am−1 applied field at 875
Hz frequency). Dimensionless susceptibility measurements were
normalized by grain volume to yield units SI. Degree of low-field
AMS is expressed by Pj (Jelı́nek 1981, eq. 4), which is a measure
of the scatter of the natural logarithms of the eigen values (k1 ≥
k2 ≥ k3 ) of the symmetric second rank magnetic susceptibility tensor. Pj is favoured over the anisotropy degree P = k1 /k3 to account
for principal susceptibilities ratios rather than differences and to include the intermediate susceptibility (k2 ) (Jelı́nek 1981). High-field
AMS, expressed by k (i.e. k1 − k3 ), was measured using a torque
magnetometer (Bergmüller et al. 1994), and magnetic subfabrics
were isolated following the method proposed by Martı́n-Hernández
& Hirt (2001). Sample torque was measured over 360◦ in 30◦ steps
about three orthogonal axes, for six fields ranging between 0.5 and
1.5 T, as well as in the absence of an applied field. High-field AMS
measurements permit the separation of ferrimagnetic AMS from
paramagnetic and diamagnetic AMS (Martı́n-Hernández & Hirt
2001). IRM and FORC data were acquired to characterize the ferrimagnetic mineral phases present during various stages of the compaction procedure. IRM acquisition was imparted with a Princeton
Measurements Corporation vibrating sample magnetometer (VSM;
Model 3900). The FORC measurements used a saturating field of
1.0 T, with 100 ms averaging time and 130 reversal curves. A FORC
diagram is a contour plot of the FORC distribution with coercive
force (Hc ) on the horizontal axis and interaction field (Hu ) on the
vertical axis (e.g. Pike et al. 1999). In addition, the orthogonal
three-component IRM (Lowrie 1990) was produced with an ASC
Model IM-10–30 impulse magnetizer. The cross-components were
applied to a HIP1 and HIP2 sample in three orthogonal directions;
a different field magnitude was applied along each individual direction. The magnitude of the fields was 1000 mT, 500 mT, and
200 mT. After application the three-component IRM was thermally
demagnetized to a maximum temperature of 600◦ C.
3 R E S U LT S
The three-stage compaction of illite shale powder resulted in synthetic metapelites with a porosity range from 16 to 1 per cent.
Porosity for natural Maplewood Shale (NAT) has been determined
at 2.7 ± 0.2 per cent (Bruijn 2012). The mean Km of NAT samples increases by one order of magnitude subsequent to crushing
[NAT (Pwd)]; however, variation exists among batches of the powder (Table 1). The highest susceptibility is recorded in illite shale
powder that was compacted into HIP2 synthetic metapelites. During
compaction stage 2 and 3a, susceptibility decreased. PAT1 samples
yielded smaller values for Km in comparison with HIP1 samples.
The IRM for powdered Maplewood Shale [NAT (Pwd)] closely
resembles the typical behaviour of magnetite/maghemite, with saturation above an applied field of 0.3 T (Fig. 3). Distinction between
magnetite and maghemite is irrelevant for the purpose of this study
as AMS in both minerals is controlled by grain shape (Dunlop &
Özdemir 1997). The synthetic metapelites of HIP1, HIP2 and PAT1
(C) sample groups, however, have different IRM acquisition with
an unsaturated component. Minimal variation in IRM acquisition is
observed among the synthetic metapelites (Fig. 3).
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Relying on the fact that mineral transformation rates increase with
temperature, unrealistically high temperature (amphibolite to granulite facies) and strain rate conditions for deep sedimentary basins
and low-grade metamorphic terranes where chemical compaction
is typically observed were applied to accomplish low-porosity
(<15 per cent) compaction. Experiment conditions correspond to
crustal geothermal gradients varying between roughly 40 and 85◦ C
km−1 . These extraordinary geothermal gradients are not only because of machine limitations, which capped pressure to 300 MPa,
but are also necessary to witness illite transformation into phengite and associated silica cementation within laboratory timescales.
As concomitant mineral reactions driving towards an amphibolite
or granulite facies mineral assemblage are barely accelerated by
the applied temperature and pressure conditions during stages 2
and 3, they could be considered of negligible importance (Bruijn
2012). The applied strain rates allow reaching engineering strain
values theoretically needed for complete compaction ( > 15 per
cent) within hours rather than geological time (for d/dt = 10−13
s−1 ). The use of extraordinary experimental parameters is typically justified when petrophysical properties of experimentally deformed samples corresponds with those for equivalent natural samples. In this study, intact Maplewood Shale provides comparison
material.
By using illite-rich shale as starting material for the compaction
experiments the low temperature chemical compaction inducing
mineral transformation in mud (i.e. smectite to illite) during diagenesis has not been simulated. The reason for using illite-rich
shale and therefore placing the focus solely on the illite to phengite transformation reaction is that smectite illitization can only be
accelerated to 200◦ C before phengite forms at the expense of illite (Merriman & Frey 1999; Merriman & Peacor 1999), whereas
phengite does not decompose until a temperature of 610–650◦ C
at 170–300 MPa (Bruijn 2012). The temperature range for the acceleration of the illite to phengite transformation is much wider
than that for the smectite to illite transformation, which means
that the likelihood of completing the former reaction within laboratory timescales is greatest. Using a smectite-rich mud as starting material would have two major disadvantages: (1) it would
have activated multiple chemical compaction inducing reactions,
and complicate the interpretation of resulting synthetic metapelites,
or (2) it would not complete illitization of the smectite within
the duration of an experiment because of restricted temperature
conditions.

5

6

R.H.C. Bruijn et al.

Figure 4. (a–b) First-order reversal curves (FORC) diagrams computed with FORCinel v.1.17 (Harrison & Feinberg 2008) obtained from a HIP1, HIP2 and
PAT1 (c) sample showing (a) FORC distribution type 1 and (b) FORC distribution type 2. (c–d) Stepwise thermal demagnetization of acquired IRM curves
obtained from (c) a HIP1 sample with a type 1 FORC distribution and (d) a HIP2 sample with a type 2 FORC distribution. For reference the Curie temperature
(Tc ) of pyrrhotite (325◦ C) and magnetite (575◦ C) are marked.

Two distinct FORC distribution types emerged from the analysis of HIP1, PAT1 (C) and HIP2 samples (Figs 4a and b). Type 1
shows a broad coercivity distribution between 20 and 90 mT with
a maximum between 40 to 55 mT, and a distribution in interaction
fields that centres around −6 mT (Fig. 4a). This FORC distribution is typical for iron sulphides, such as greigite (Fe3 S4 ; Roberts
et al. 2006, 2011). Type 2 also shows a broad coercivity distribution up to 150 mT, with a peak distribution between 25 and 35 mT.
The distribution in interaction fields is narrower and centred around
Hc = 0 (Fig. 4b). This FORC distribution is more difficult to ascribe
simply to a single phase. The tail in the distribution suggests the
presence of a higher coercivity phase, such as pyrrhotite (Fe7 S8 ) or
possibly hematite (α-Fe2 O3 ; Roberts et al. 2006). Demagnetization
of the three-component IRM shows that the bulk of the magnetic

remanence for both HIP1 and HIP2 is carried by a low coercivity
phase (<200 mT; Figs 4c and d). The low coercivity component,
and to some extent the intermediate coercivity component, display a
marked decrease in remanence between 320 and 350◦ C. The remanence is completely removed by 525–550◦ C, which is observed only
in the low coercivity component. The large decrease seen around
320–350◦ C is indicative for the demagnetization (unblocking) of
pyrrhotite or alternatively, the breakdown of greigite. The higher
temperature remanence unblocking, between 525 and 550◦ C, indicates demagnetization of magnetite, as is further indicated by its low
coercivity. The high coercivity component is probably related to a
slight misalignment when applying the cross-component IRM, because of the small size of the HIP1 sample (Fig. 4c). In general, the
high susceptibility, IRM acquisition curves and three-component
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Figure 3. Isothermal remanence magnetization (IRM) acquisition curves for samples of crushed Maplewood Shale [NAT (Pwd)], and synthetic metapelites
[HIP1, HIP2 and PAT1 (C)]. M0 is the value for M at an applied field of 1.0 T.
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Figure 5. Low-field anisotropy of magnetic susceptibility (LF-AMS), expressed as Pj (Jelı́nek 1981), as a function of porosity of synthetic metapelites,
colour-coded according to compaction history (Table 1). Natural Maplewood Shale (NAT) samples are included for comparison purposes.

Figure 6. Data derived from the ferrimagnetic signal of the high-field
anisotropy of magnetic susceptibility (kp ) of natural Maplewood Shale
and the experimentally compacted synthetic metapelites derived thereof.
Samples are colour-coded according to compaction history (Table 1). Data
on natural Maplewood Shale is added for comparison purposes. Values in
parentheses are labels for trend lines. (a) kf as a function of porosity. (b)
kf as a function of bulk magnetic susceptibility (Km ). The best-fit linear
curve in b is, except for NAT samples, derived from the samples of trend (1)
in a.

of the naturally compacted NAT samples. Using n = 20 and correlation coefficient = −0.359, even an inverse linear correlation for
porosity and paramagnetic k3 inclination [trend (3)] was found to
have significance until a significance level of 0.12, which relates to
88 per cent confidence. The other principal axes k1 and k2 remain
shallow (<25◦ inclination), regardless of porosity and compaction
history. In an equal-area lower hemisphere stereographic projection,
paramagnetic k3 of both the natural Maplewood Shale and the synthetic metapelites is centred, without preferred declination, around
90◦ dip, whereas k1 and k2 plot at low dip with scattered declination
(Fig. 7c).
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demagnetization, and FORC behaviour are compatible with ironsulphide as main magnetic phase and magnetite as minor phase.
There is little evidence for the presence of high-coercivity phases,
such as hematite and goethite.
Taking both synthesized and natural Maplewood Shale sample
groups together, expressed as Pj , low-field AMS values vary between 1.04 and 1.14, with an average value of 1.09, regardless of
sample porosity (Fig. 5). The average Pj value for the larger sample
groups HIP1 and PAT1 (C) is comparable with the bulk average Pj .
With 1.11 and 1.12, respectively, the average Pj for lithostatically
compacted HIP2 samples and naturally compacted NAT samples
contrast with that of non-lithostatically compacted samples.
The degree of ferrimagnetic AMS (kf ) of the synthetic Maplewood Shale based metapelites as measured by torque magnetometry
ranges between 1 and 11 μSI (Fig. 6a). A majority of samples exhibit kf values below 5 μSI (trend (1)) and show no correlation
with porosity. Furthermore, sample groups that fall within trend
(1) represent compaction by different stress regimes; lithostatic for
HIP1, HIP2 and PAT1 (Pc ) and non-lithostatic for PAT1 (C-C750 Cp -T). Natural Maplewood Shale (NAT) fits trend 1 as well with
kf values below 2 μSI. Only HIP2 samples and one PAT1 (T)
sample have higher ferrimagnetic AMS. Because of a lack of data,
no correlation between porosity and HIP2 kf could be established.
kf plotted against bulk magnetic susceptibility (Km ) reveals a linear correlation with a coefficient of determination (R2 ) of 0.34 for
the data points that belong to the synthetic samples in trend (1) of
Fig. 6(a). Extrapolated to higher values for Km , the best-fit linear
curve approaches the HIP2 samples within 2.4 μSI.
Overall, the degree of paramagnetic AMS (kp ) is systematically
larger than the ferrimagnetic AMS, ranging from nearly 12 to 17 μSI
at high porosity to 17 to 27 μSI below 6 per cent porosity (Fig. 7a).
A majority of data points, representing samples groups HIP1, HIP2
and PAT1 (C-Pc -T), form a positive linear trend [trend (2) with
R2 = 0.53] of increasing kp with compaction. The inverse linear
correlation of trend (2) is significant at 99.9 per cent confidence,
using n = 16 and correlation coefficient = −0.725. Both PAT1
(C750 ) and PAT1 (CP ) kp values plot systematically above trend
(2). The natural Maplewood Shale (NAT) samples, plot within 3
μSI of the best-fit curve for trend (2).
Considering only the synthetic metapelites and excluding three
outliers, the minimum principal axis (k3 ) of the paramagnetic susceptibility shows a gradual, but non-linear, inclination steepening
with compaction [trend (3) in Fig. 7b]. Trend (3) encompasses at
least one sample from all sample groups, including four out of five
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4 D I S C U S S I O N A N D C O N C LU S I O N S
During sample preparation and experimental chemical compaction,
bulk magnetic susceptibility of illite shale powder is repeatedly
altered, reflecting primarily changes of the ferrimagnetic minerals (Table 1; Figs 2 and 3). Although not observed in Maplewood Shale fragments (NAT), in the crushed state [NAT (Pwd)]
magnetite/maghemite is the principal remanence-carrying mineral
(Fig. 3). The Maplewood Shale fragments (NAT) show negligible
IRM acquisition, which is below the detection level of the VSM,
and has considerably lower magnetic susceptibility (Table 1). Although attributed to inadvertent admixing of concretions or ironoxide-bearing veins, the addition of magnetite/maghemite to Maplewood Shale powder [NAT (Pwd)] provided unique opportunities
to monitor the behaviour of remanence-carrying minerals during
experimental chemical compaction of illite shale powder. Magnetite/maghemite particles are heterogeneously distributed among
the powder batches, as evidenced by the considerably varying bulk
susceptibility of NAT (Pwd; Table 1). Contamination during the
crushing procedure from an external source is excluded on grounds
that powder of similarly treated Silver Hill shale has lower values
for Km (Bruijn 2012).
Rochette (1987) showed that marked changes in magnetic susceptibility in metapelites, typically correspond to changes in ferrimagnetic mineral content. He could couple observations of graded
magnetic susceptibility in black shales of the Swiss Alps to demonstrate the breakdown reactions of magnetite and pyrite. Reduced
susceptibility in our synthesized metapelites is attributed to the
temperature and oxygen fugacity sensitive magnetite/maghemite
breakdown reaction into pyrrhotite and pyrite, followed by the tem-

perature and sulphur fugacity sensitive breakdown reaction of pyrite
into pyrrhotite (Crerar et al. 1978; Barker & Parks 1986).
The IRM acquisition curves for HIP1, HIP2 and PAT1 (C) samples, the two FORC distribution types with related IRM thermal
demagnetization curves demonstrate unequivocally the existence of
high-coercivity iron-sulphides such as pyrrhotite after compaction
stage 2. Although a switch from multidomain to single-domain
magnetite/maghemite because of grain size reduction can potentially reduce magnetic susceptibility and change AMS, it does not
explain the IRM thermal demagnetization curves found in HIP1,
HIP2 and PAT1 (C) samples and therefore seems an unlikely explanation for the observed magnetic susceptibility behaviour.
The similarity between natural observations by Rochette (1987)
and our findings suggests that chemical conditions during compaction stages 2 and 3a compare to natural systems in which reducing conditions prevail, such as during regional metamorphism
in the presence of graphite-buffered fluids (Ferry 1981; Mohr &
Newton 1983; Hall 1986), and in mature claystones formed during
rapid burial of organic matter (e.g. Aubourg & Pozzi 2010; Abdelmalak et al. 2012). Comparable susceptibility values for PAT1 and
HIP1 samples (Table 1) suggests that the redox breakdown reactions completed during compaction stage 2. Higher susceptibility
for HIP2 samples is attributed to higher initial magnetite/maghemite
content, which resulted in a higher concentration of ferrimagnetic
iron-sulphides after compaction stage 3a.
The ferrimagnetic AMS of synthetic metapelite sample groups
is unaffected by compaction as kf remains constant at a relative
low value during compaction from 15 per cent to nearly 0 per cent
porosity (Fig. 6a). As a similar behaviour was recorded for the lowfield AMS, we conclude that besides bulk magnetic susceptibility
also low-field AMS is controlled by the ferrimagnetic mineralogy
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Figure 7. Data derived from the paramagnetic signal of the high-field anisotropy of magnetic susceptibility (kp ) of illite shale powder that was experimentally
compacted into synthetic metapelites. Samples are colour-coded according to compaction history (Table 1). Data on natural Maplewood Shale is added for
comparison purposes. Values in parentheses are labels for trend lines. (a) kp as a function of porosity. (b) Inclination data for the paramagnetic principal
susceptibility axes as a function of porosity. (c) Equal area lower hemisphere projection for the directions of the paramagnetic principal susceptibility axes.

AMS development during chemical compaction

simple and pure shear, respectively). In the process of grain rotation, the rotation history of material lines depends on the flow type
by which it accumulated (e.g. Passchier & Trouw 2005). Therefore, if increased kp is primarily the result of grain rotation of the
long axis of illite and mica grains (i.e. material lines), then different flow types should give rise to unique and distinguishable kp
development trends. Secondly, the domain of diagenesis in which
grain rotation is most observed is mechanical compaction, which in
clay-rich sediments occurs in the smectite stability PT field above
70–90◦ C, corresponding typically to the top ∼2 km of the sedimentary column (e.g. Athy 1930; Rieke & Chilingarian 1974; Hower
et al. 1976; Aplin et al. 2003; Day-Stirrat et al. 2010). Experimental
simulations of mechanical compaction of clay-rich sediments have
shown that below ∼15 per cent porosity the process is exhausted
(e.g. Vasseur et al. 1995; Nygård et al. 2004; Mondol et al. 2007;
Fawad et al. 2010). The non-linear strengthening of clays during
mechanical compaction is the consequence of rapidly increasing resistance to mineral rotation and alignment. Chemical compaction in
illite shale by mineral transformation and dissolution/precipitation
processes is required to lower porosity below ∼15 per cent. From
the distinctly different paramagnetic and ferrimagnetic AMS development it is inferred that remanence-bearing minerals behave
independently from illite and phengite minerals during chemical
compaction below 15 per cent porosity.
As the AMS values of naturally compacted Maplewood Shale
plot within the trend set out by the synthetic metapelites, there is
good indication that comparable processes occurred in nature and
the experimental simulations of illite mud diagenesis and metamorphism. The experiments of Bruijn (2012) bear direct relevance to
natural systems where diagenesis grades into low-grade metamorphism and the illite transformation to phengite is activated. These
systems can be found in collisional settings where (1) continental margin assemblages are subducted beneath another continent;
or (2) sedimentary strata is scraped off the subducting oceanic
plate and rotated, shortened and imbricated to form an accretionary
prism on the margin of the overriding continental plate; or in c)
extensional settings where relatively high heat flow resulted in
steep geothermal gradients in the earliest basin infill (Merriman &
Frey 1999).
In contrast with conclusions from mechanical compaction studies
(Blow & Hamilton 1978; Anson & Kodama 1987; Deamer & Kodama 1990; Sun & Kodama 1992) theoretical work (Arason & Levi
1990a) and observation from nature (e.g. Arason & Levi 1990b),
this study clearly demonstrates a decoupling between remanencebearing minerals and paramagnetic phyllosilicates during chemical
compaction of illite shale powder, regardless of the orientation of
the stress field. Caution is therefore required when interpreting remanence magnetization or low-field AMS data of both deformed
and undeformed chemically compacted mudstones and shales in
the context of texture, compaction, strain, or physical properties as
the ferrimagnetic and paramagnetic minerals may have developed
independently during the later stages of mud diagenesis or early
stages of pelite metamorphism.
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(Fig. 5). The apparent higher kf for HIP2 samples (Fig. 6a) is rather
a consequence of systematically higher bulk magnetic susceptibility
than of enhanced preferred magnetocrystalline orientation for ironsulphides, as indicated by the good agreement of HIP2 samples to
the best-fit linear line in the Km −kf diagram (Fig. 6b). Similarly,
natural Maplewood Shale (NAT) has relatively low kf values primarily because of its low ferrimagnetic content, as is evident from
its low bulk magnetic susceptibility (Table 1) and lack of notable
hysteresis. The low-field AMS values reported for NAT samples are
also explained by their low ferrimagnetic content and the greater
contribution of aligned paramagnetic minerals to the AMS signal.
In this study, an inverse linear correlation between paramagnetic
AMS and porosity was found [Fig. 7a trend (2)]. Orientation data
of the paramagnetic susceptibility ellipsoid indicate that as porosity reduces, the short (k3 ) axis rotates towards steeper inclination
without alignment of its declination, whereas the inclination of the
intermediate (k2 ) and long (k1 ) axes becomes slightly shallower with
scattered declination (Figs 7b and c). The described rotation of the
paramagnetic susceptibility ellipsoid conforms to the development
of a diagenetic foliation in pelites, as seen by the orientation of
paramagnetic k1 , k2 and k3 of NAT samples.
kp values for PAT1 (C-Pc -T) samples plot within trend (2) of
Fig. 7(a), which also includes HIP1 and HIP2 samples. This behavior is explained by enhanced illite crystallinity, which eventually
leads to transformation of illite into phengite (Bruijn 2012). Compared with illite, mica minerals have higher crystallinity and single
crystal AMS (Hrouda 1993). As such, not only porosity but also
paramagnetic AMS are first-order measures of the progress of illite
to phengite transformation. Higher kp for PAT1 (C750 ) metapelites
is explained by enhanced anisotropic biotite formation, which is not
accompanied by pore closure (Bruijn 2012).
Application of pore pressure (Argon gas) in compaction stage
3b tests enhanced kp for PAT1 (Cp ) samples compared with trend
(2) (Fig. 7a). SEM BSE micrographs of PAT1 (Cp ) samples in
Bruijn (2012) provide evidence for delayed chemical compaction,
but enhanced detrital mica alignment in comparison with PAT1 (C)
samples of comparable porosity. In addition, in one imaged PAT1
(C) sample, illite seems better preserved in pressure shadows of
detrital quartz grains than in the phyllosilicate-rich matrix (Bruijn
2012). The rate of illite transformation and consequently chemical
compaction can therefore be considered pore pressure dependent,
with higher pore pressure restricting dissolution, solution transfer
and precipitation reactions that make up phengite formation, as was
observed in smectite illitization experiments by Whitney (1990).
In addition, the combination of higher activation enthalpy for illite
dehydration and reduced illite water expulsion rates in the presence of vapour pressure (Mikhail & Guindy 1971) is ultimately
unfavourable for phengite formation. Strain in the stage 3b axial
compression experiments with lower effective pressure (PAT1 (Cp )
is therefore relatively more accommodated by mechanical grain
rotation and microfolding than in standard axial compression experiments at 300 MPa confining pressure [PAT1 (C)]. The elevated
kp values for PAT1 (Cp ) samples (Fig. 7a) quantitatively demonstrate that the anisotropy development during compaction is more
substantial when pores are closed by detrital grain rotation than by
illite transformation and cementation.
Grain rotation as the primary mechanism of paramagnetic AMS
development can be excluded on two grounds. First, trend (2) in
Fig. 7(a) incorporates kp data points from samples that experienced different compaction history in terms of the applied stress
field and the resulting flow types (i.e. confining pressure yielding
contraction, confined torsion and axial compression resulting in
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