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Abstract—We report on how the effects of mechanical compaction and clay mineral diagenesis have
affected the alignment of phyllosilicates in a suite of Miocene-Pliocene mudstones buried to sub-seabed
depths of between 1.8 and 5.8 km in the deep-water Gulf of Mexico. Mechanical compaction has reduced
the porosity of the samples to 15% at 5 km, with modal pore sizes between 10 and 20 nm. High-resolution
X-ray texture goniometry data show that the intense mechanical compaction has not resulted in a strongly
aligned phyllosilicate fabric. The muds were apparently deposited with a weak or isotropic phyllosilicate
fabric which was not substantially realigned by mechanical compaction. Unusually, X-ray diffraction of
<0.2 um separates shows that: (1) there is no illitization trend between 90 and 120°C; and (2) discrete
smectite persists to ~120°C, coexisting with R1 I-S or RO I-S with 30—40% expandable layers. Between
120 and 130°C, discrete smectite disappears and the expandability of I-S decreases to ~25—-30%. We
propose a two-stage diagenetic process involving (1) the alteration of volcanic glass to smectite and (2) the
illitization of smectite and I-S; the alteration of glass results in smectite without a preferred orientation and
retards the illitization reaction. We suggest that the lack of a strongly aligned phyllosilicate fabric reflects
the apparently limited extent of illitization, and thus recrystallization, to which these mudstones have been
subjected.

Key Words—Compaction, Gulf of Mexico, High-resolution X-ray Texture Goniometry, Microfabric,

Mudstone, Shale, Smectite.

INTRODUCTION

Muds and mudstones are largely formed from grains
<63 um in diameter, loosely comprising a mixture of
lath-shaped clay minerals and more equidimensional
grains such as quartz and feldspar. Grains >10 pm (often
quartz, feldspar and mica) are thought to be deposited as
single grains, with grains <10 um (mainly but not
uniquely clay minerals) deposited as flocs (Kranck et
al., 1996a, 1996b). This depositional model implies that
marine muds are likely to be deposited with an
essentially isotropic fabric, an idea supported by visual
observations of recent sediments (e.g. Bennett et al.,
1991). With increasing burial and thermal stress, muds
are converted to metapelites, at which stage platy clay
minerals are reoriented to form a strongly aligned fabric,
broadly parallel to bedding (Oertel, 1983; Ho et al.,
1995; Jacob et al., 2000). The post depositional
processes that lead to the reorientation of phyllosilicate
particles include both mechanical compaction (e.g.
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Hedberg, 1936; Bowles et al., 1969; Bennett et al.,
1981; Vasseur et al., 1995) and the recrystallization of
clay minerals (e.g. Ho et al., 1999; Jacob et al., 2000).
Qualitative, visual observations of muds both in the field
and in the laboratory suggest the importance of
mechanical reorientation of particles, at least during
the early stages of compaction (Bowles et al., 1969;
Bennett et al., 1981; Vasseur et al., 1995). Whilst these
qualitative studies have provided very useful informa-
tion, more quantitative descriptions of fabric are
required to compare samples and unravel processes
that realign phyllosilicates. The very few studies that
have used X-ray goniometry to quantify the phyllosili-
cate fabric of deeply buried mudstones are thus
particularly important. Early studies (Oertel and Curtis,
1972; Curtis et al., 1980) concluded that whilst
phyllosilicates become increasingly aligned during
burial diagenesis, the ratio of platy phyllosilicates to
more equidimensional quartz influences the extent to
which a strong fabric is developed. Unfortunately, the
sample sets analyzed within these isolated studies did
not allow the authors to differentiate the roles of
(1) mechanical compaction and (2) clay mineral recrys-
tallization in the rearrangement of mudstone fabric.
More recently, however, Ho et al. (1999) used high-
resolution X-ray texture goniometry (HRXTG) to show a
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substantial increase in the alignment of clay minerals as
a result of the smectite-to-illite transition in the onshore
Gulf of Mexico.

In this study we use HRXTG to quantify the
alignment of phyllosilicates in a series of mudstones
deposited in the deep-water (1.5—2 km) Gulf of Mexico
and buried to depths of between 1.8 and 5.8 km below
the seafloor. Our main aims were to investigate the
extent to which phyllosilicates are rotated and realigned
as a function of (1) mechanical compaction and (2) clay
mineral diagenesis.

SAMPLES

In an ideal world, diagenetic studies are performed on
samples which were identical at the sediment-water
interface and then buried differentially to the appropriate
range of temperature and pressure. Since this is
unrealistic or impossible, compromise is essential and
generally involves selecting material either of different
ages from a single well and/or of similar age from
several wells. In this study, we have chosen samples
from three wells (code-named Panis, Ikon and Diva) in
the deep-water Gulf of Mexico, all of which received
sediment from the paleo Mississippi River. Based on
paleontological data supplied by the oil companies
which drilled the wells, most of the samples are
Miocene in age, with Pliocene samples in the upper
part of Panis. Panis is situated in the Green Canyon area
of the Gulf of Mexico; Ikon and Diva are situated close
to one other, ~200 km from Panis. Collectively, the three
wells enabled us to select material of broadly similar age
covering a sufficiently wide range of both temperature
and burial depth.
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Seventeen samples were taken at depths between
1816 and 5884 m below seafloor (mbsf), representing a
measured, downhole temperature range of 40—130°C
(Table 1). Samples from Panis are cuttings, whereas
samples from Ikon and Diva are a mixture of conven-
tional core and rotary sidewall core. Muds comprise
80—90% of the sections in all three locations. There is
insufficient information to specify detailed depositional
environments for the muds, although chaotic bedding,
consistent with some form of mass flow deposit, is
observed in parts of the (sparse) cored sections. Several
previous studies have highlighted the volumetric impor-
tance of mass flow deposits both generally within slope
environments and more specifically within the deep-
water part of the Gulf of Mexico (Lindsay ef al., 1984;
Hampton et al., 1996; Schwab et al., 1996).

ANALYTICAL METHODS

Physical properties

Samples of cores and carefully cleaned cuttings were
disaggregated by a gentle freeze-thaw procedure (Yang
and Aplin, 1997). Clay fractions (percentage of particles
<2 pm in diameter) were determined using a
Micromeritics Sedigraph 5000ET® device, after wet-
sieving the samples at 63 um. The Sedigraph measure-
ments were calibrated with internal standards (London
Clay) which had been previously been analyzed using the
pipette method (British Standards 1377, part 6, 1990).

Porosities and pore-size distributions were deter-
mined on freeze-dried samples (Delage and Lefebvre,
1984) using a Micromeritics© Autopore II 9220 mercury
intrusion porosimeter. Porosities were calculated from
bulk volume and measured grain density (British

Table 1. Basic physical properties.

Depth Sample type Temp. Clay Porosity Modal pore size

Well (mbsf) (°C) (%) (nm)
Panis 1816 ct 40 41 0.15 13
Panis 1999 ct 44 39 — 12
Panis 2907 ct 64 40 0.14 10
Panis 3090 ct 67 44 0.18 10
Tkon 4128 core 90 46 0.22 —
Tkon 4418 core 95 39 0.16 12
Tkon 5133 core 107 56 0.19 12
Ikon 5420 SwWc 111 44 0.17 10
Tkon 5884 SWe 116 40 0.16 6 & 26
Diva 4855 SWC 117 36 0.17 9
Diva 5001 core 120 49 0.17 8
Diva 5435 SWC 127 39 0.14 8
Diva 5511 core 128 37 0.13 8
Diva 5516 core 128 33 0.16 10
Diva 5518 core 128 60 0.15 14
Diva 5647 core 130 22 0.09 7
Diva 5649 core 130 38 0.12 6

mbsf = meters below sea floor; ct = cutting; swc = sidewall core; Clay = mass% particles <2 pm diameter
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Standard 733, 1987) and thus represent total porosity,
not just the porosity into which mercury could be
injected. Pore diameters were calculated from the
mercury injection data assuming a mercury-air contact
angle of 141° and an interfacial tension of 480 mNm™".

Mineralogy

Whole-rock X-ray diffraction (XRD) was performed
on randomly oriented, ground samples. Clay fractions
(<2 um grain size) were separated in settling tubes and
oriented slides were prepared for XRD using a procedure
similar to the ‘Millipore® Filter Transfer Method’
described by Moore and Reynolds (1997). For the
Panis samples, XRD was undertaken using CuKa
radiation with a Hiltonbrooks DG2 X-ray generator
connected to a Phillips PW1050 goniometer and a
Phillips PW1752 single-crystal graphite monochromator.
The step size was 0.04°260 with a counting time of 2 s per
step. The Tkon and Diva <2 pm samples were analyzed
using CoKo radiation on a Siemens D5000 diffract-
ometer equipped with a diffracted beam monochromator.
In this case a step size of 0.02°20 was used, with a
counting time of 1 s per step.

Initial analysis of the <2 um samples suggested that
the main changes in the mineralogy of illite-smectite
phases occurred in samples from lkon and Diva. The
<0.2 um size fractions of the lkon and Diva samples
were therefore separated, saturated three times with
1 mol/L NaCl, dialyzed extensively and run from 2 to
45°20 on a Siemens D5000 diffractometer, as for the
<2 um fractions. In all cases both air-dried and
glycolated samples were analyzed.

XRD pattern analysis

Full-pattern computer modeling, or simulation, is
probably the most effective way to reveal the structural
details of complex clay mixtures involving mixed-layer
phases. Structural analysis of mixed-layer clays and
estimation of the relative proportions of clay types in the
oriented aggregate were carried out using computer
modeling or simulation of the full experimental XRD
pattern (e.g. Drits et al., 1997a, 2002; Sakharov et al.,
1999; McCarty et al., 2004). The XRD pattern from the
ethylene glycol (EG) preparation was modeled for each
sample; the multi-specimen fitting technique that
simulates diffraction data from both the EG and air-
dried scans of the same sample was used to verify the
model for at least several of the structural types found in
the sample set. The result is judged to be reasonable
when the best fit is obtained for both of these
simulations using the same structural and probability
parameters. This analysis used a proprietary computer
program of Chevron Inc. called Sybilla which is similar
to that of Drits and Sakharov (1976) and which has been
used in many such studies. The mathematical formalisms
on which the program is based can be found in Drits and
Tchoubar (1990). The digital XRD data from samples
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analyzed with Co radiation were converted to CuKa
prior to computer modeling.

In practice, the procedure involves two steps. The
first uses a trial-and-error approach to determine the
structural and probability parameters that provide a
satisfactory agreement between experimental and calcu-
lated positions, intensities and profiles of basal reflec-
tions for each phase of the sample. At the second step,
the structural and probability parameters describing each
phase are fixed, and the program automatically seeks the
best agreement (minimum Rjyp factor) between the
experimental and calculated patterns by varying the
content of the phases in the sample. As a result, the
quantities or weighted concentrations of discrete and
mixed-layer phases in a sample are determined. We
define layers which in the EG-solvated state swell to
16.6—-16.9 A as smectite and those which swell to
12.9-13.5 A as vermiculite, or high-charge smectite.

For structural models of air-dried and glycolated
mixed-layer minerals, the Z-coordinates of Moore and
Reynolds (1997) were used while the most influential
site occupancies to the overall fit, octahedral Fe and
interlayer K, were found using a trial and error approach.
The thicknesses of coherent scattering domains (CSDs)
were log-normally distributed and the parameters of this
distribution were determined using the mean thickness
of CSDs and regression given by Drits et al. (1997b)
with mean and maximum thicknesses of CSDs as
variable parameters. Example patterns and fits are
shown in Figure 1.

Fabric analysis by HRXTG

Mudstone samples were made into polished sections
for microstructural and fabric analysis. The mudstone
sections were mounted on glass slides and cut perpendi-
cular to any visible, primary bedding structures. High-
resolution backscattered electron microscopy (BSEM)
was used to examine the mudstones (Jeol 6400 electron
microscope operating at 20 kV and 2 nA, with a spot
size of 2 mm and at a working distance of ~15 mm).

A quantitative assessment of the alignment of
phyllosilicates was made on an Enraf-Nonius CAD4
automated single-crystal diffractometer using the
HRXTG method described by van der Pluijm et al.
(1994). This determines crystallographic orientations
over a ~1 mm? area of a 200—400 pum thick rock section.
Because the principal stress in these sediments is
vertical, sections were cut from cores parallel to the
vertical stress. For cuttings, we used a hand lens or
binocular microscope to identify any depositional
lamination and made a cut perpendicular to the
lamination. In some cases, this proved impossible and
several sections were made. Thin-sections mounted on
glass slides were cut to between 200 and 400 pm and, if
necessary, ground with a grinding powder of 400 grit or
finer. Finally, sections were detached from the glass
slides and glued to aluminum sample holders.
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The HRXTG analysis is a two-step process. First, the
samples are scanned over the range 0.5—6.0°20 Mo
(1—13°26 Cu). This indicates which clay mineral phases
are present and determines the exact diffraction angles at
which textural data should be collected. The ‘20 scan’
(Ho et al., 1995) also allows us to consider whether the
sample slab is aligned perpendicular to the predominant
clay mineral fabric. An absence of peaks on the 20
diffractograms could mean that (1) the sample is not
aligned perpendicular to the main fabric direction, or
(2) there are insufficient numbers of clay minerals to
produce a detectable diffraction peak, or (3) the sample
does not have an aligned phyllosilicate fabric. In the
absence of peaks on the 20 scan, additional sections
were made in order to determine whether or not the
sample has an aligned phyllosilicate fabric.

The second step of the measurement process involves
the "pole-figure scan" (Ho et al., 1995), in which the
degree of preferred orientation of previously identified
phyllosilicates is determined. The goniometer and
detector are fixed at the diffraction angle corresponding
to the d spacing of the 001 dimension of the chosen
phase. Samples are then rotated around two axes, one
parallel to an imaginary line connecting the goniometer
and detector (designated as ¢), and one normal to it
(designated as w). Diffracted X-ray intensity data are
collected every 2.5° between 0 and 360° around the
¢ axis, and in five steps between 0 and 40° around the
o axis. In total, 1152 intensity measurements are thus
made on each sample and are corrected for grain density
and specimen thickness (van der Pluijm et al., 1994).

The degree of alignment is obtained from the
intensity distribution of diffracted X-rays. Intensity
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data are displayed in pole figure diagrams that show
the distribution of crystallographic orientations in the
form of poles to crystallographic planes. Pole figure
diagrams visualize the spatial distribution of the X-ray
intensities by displaying contour lines representing the
pole distribution of phyllosilicate 001 orientations. More
highly aligned fabrics yield pole figures that can be
contoured as concentric rings; completely random or
isotropic fabrics yield figures that have no poles. The
degree of particle alignment is expressed as maximum
pole density in multiples of a random distribution
(m.r.d.), where higher values reflect higher degrees of
alignment. For context, previous work on mudstones and
shales (Ho et al. 1995, 1996, 1999, 2001; Jacob et al.,
2000) has generated maximum pole densities between
one and seven, where values of <~2.5 indicate a very
weak fabric and values >~4 indicate a strong fabric. At
temperatures of >180°C, maximum pole densities exceed
12—16 m.r.d. as cleavage is developed (Ho et al., 1996;
Jacob et al., 2000). One single biotite crystal gave a
value of 45 m.r.d. (Solum, pers. comm.).

RESULTS

Lithology and bulk mineralogy

Both clay contents and bulk mineralogy indicate the
broadly similar lithological nature of many of the samples
(Tables 1 and 2). Although clay contents (mass percen-
tage of particles <2 pm in spherical diameter) vary
between 22 and 60%, most samples have clay contents
between 35 and 50%. There is no greater variability
between wells than within a single well. The bulk
mineralogy of the samples is broadly similar (Table 2).

Table 2. Whole-rock mineralogy.

Well Depth Sm IS Ccl /M K Qz KFp Plg Ba Cc Ap Do G Si  Other
(mbsf)

Panis 1816 XX X XX XX XX X XX 0 P

Panis 1999 XX X o 0 XX X XX X 0 P

Panis 2907 XX 0 XX XX X 0 Op

Panis 3090 X XX 0 X X XX 0 0 0 XX P

Ikon 4128 X XX XX XX XX X X [ X

Tkon 4418 X XX XX X XX XX X XX X X

Ikon 5133 X XX XX XX XX [ X 0 0 X X H

Tkon 5420 X XX XX X XX X X X o X X P, H

Diva 4855 XX XX X XX X XX X 0 X X P, H

Diva 5001 XX XX XX XX XX XX X 0 X X

Diva 5435 XX X XX XX XX X x Op, H

Diva 5511 XX XX X XX X XX X [ X X

Diva 5516 XX XX XX XX X X X 0 X X P, Str

Diva 5518 XX XX X XX 0 XX X 0 X X

Diva 5647 XX 0 XX XX XX XX XX X 0 0 X X

Diva 5649 XX XX XX XX XX XX X X X X

xx = abundant; x = common; o = rare; Sm = smectite; [-S = mixed-layer illite-smectite; Cl = chlorite; I/M = illite/mica;
K = kaolinite; Qz = quartz; KFp = K-feldspar; Plg = plagioclase; Ba = barite (drilling mud contamination); Cc = calcite;
Ap = apatite; Do = dolomite; Ah = anhydrite; H = hematite; G = goethite; P = pyrite; Si = siderite; Op = opal-a/ct;

Str = strontianite; mbsf = meters below sea floor
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Quartz, illite/mica, kaolinite and I-S dominate; the main
differences between the samples from Panis and Ikon/
Diva are in the less common or ancillary minerals. In
Panis samples, calcite, K-feldspar and plagioclase are
common, with dolomite, apatite and pyrite as common
ancillary phases. Barite occurs in several Panis samples
and is believed, based on the relationship between it and
organic carbon, to result from contamination from barite-
containing, polymer-based drilling mud. Analyses of
organic carbon suggest that the level of contamination is
of the order of a few percent of the total sample.
Compared to the Panis samples, calcite, siderite and
goethite are more common throughout Ikon and Diva,
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with gypsum present in Ikon and Diva, perhaps as a result
of precipitation from the highly saline porewaters related
to evaporites in the section.

Clay mineralogy

The XRD patterns of the <0.2 pm and <2 um
fractions of representative samples are shown in
Figure 2, with the data tabulated in Table 3. As one of
the aims of this paper is to assess the effect of clay
mineral recrystallization on microfabric, we are parti-
cularly interested in establishing the clay mineralogy of
the samples, identifying differences in initial mineralogy
as well as mineralogical change related to diagenesis.

| S
1o Ikon 4128 S
K K ) lkon 4418
Cl ol Panis 3090
1 s <2pm
S IS
|
S
) L
T T T Lah 1
0 10 20 30 40 T T A 1 0
0 10 30 40
°20 29 °0g
lkon 5133 S lkon 5420

°20 °20

Diva 5001

°26

Diva 5516 kS

Diva 5518
Diva 5649

°26

Figure 2. XRD patterns of Na-saturated, glycolated <0.2 um (2 pum for Panis) separates of representative samples. I = illite; I-S =
mixed-layer illite-smectite; K = kaolinite; C1 = chlorite; Q = quartz. See Table 3 for more details of the mineralogy.
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Table 3. High-resolution X-ray texture goniometry data and clay mineralogy of the <2 um fraction of Panis and the <0.2 um

fraction of Ikon and Diva.

Depth  Temp <2 pm %S %I %C %K %Rl %S in %R0 %S in I-S MPD K/C MPD

Well (mbsf)  (°C) (%) I.S RIS IS ROI-S (mrd) (m.r.d.)
Panis 1816 40 41 0 29 8 8 36 33 0 — — 2.73
Panis 1999 44 39 0 40 11 11 23 55 0 - 4.05 3.80
Panis 2907 64 39 0 37 5 5 36 49 0 — 2.70 2.9
Panis 3090 67 44 0 5 6 6 72 33 0 — 3.10 2.57
Tkon 4128 90 46 17 16 0 0 42 35 0 — — 1.99
Ikon 4418 95 39 31 6 0 0 51 32 0 — 2.69 1.87
Ikon 5133 107 56 13 11 0 0 59 32 0 — 2.78 —
Ikon 5420 111 44 17 3 0 0 63 30 0 — 1.88 1.80
Ikon 5884 119 n.d. 16 6 0 0 64 38 0 - n.d. n.d.
Diva 4855 117 36 7 2 0 0 0 - 82 41 2.60 2.08
Diva 5001 120 49 0 2 0 0 89 25 0 - 1.74 -
Diva 5435 127 n.d. 10 4 0 0 0 — 79 35 n.d. n.d.
Diva 5511 128 37 4 4 0 0 0 — 82 31 2.76 1.92
Diva 5516 128 33 0 0 0 0 84 33 0 - 2.17 3.36
Diva 5518 128 60 4 2 0 0 0 - 85 33 2.46 1.91
Diva 5647 130 22 0 4 0 0 86 28 0 - n.d. 2.47
Diva 5649 130 38 0 4 0 0 85 28 0 — 3.41 2.32

MPD = maximum pole density; S = smectite; [-S = mixed-layer illite-smectite; C = chlorite; I = illite; K = kaolinite; mbsf =

metres below sea-floor. n.d. = not determined

All samples contain quartz, kaolinite and illite/mica
in the <2 um fractions; Panis samples also contain
chlorite. In terms of diagenetic change, we are mainly
interested in mixed-layer illite-smectite (I-S). For the
Panis samples, for which we only have data for <2 um
separates, a detailed interpretation of the nature of I-S
minerals is compromised in some cases by the rather
weak reflections and also by the substantial amount of
discrete illite which hampers the precise identification of
the I-S 002 and 003 reflections. However, the Panis
<2 um separates are dominated by a mixture of illite
plus R1 I-S with 33—-55% expandable layers, and lesser
amounts of kaolinite and chlorite (Table 3). There are no
trends with temperature and we view this mix as being
representative of the detrital clay mineral input to the
system. Note that there is no firm evidence of smectite,
although it is possible that small amounts are present.

Samples from Ikon and Diva span the temperature
range (90—130°C) over which the progressive illitization
of smectite is generally considered to occur (e.g. Hower
et al., 1976; Velde and Vasseur, 1992; Essene and
Peacor, 1995). However, the X-ray data for the <0.2 pm
separates from Ikon and Diva (Figure 2; Table 3) are not
consistent with this model. Firstly, discrete smectite
occurs in all samples up to 119°C and in some samples
up to 128°C. Secondly, there is no clear-cut illitization
trend with increasing temperature; samples contain
either R1 or RO I-S with 25—41% expandable layers,
with the expandability almost independent of tempera-
ture (Table 3). Ikon samples (90—119°C) all contain
smectite and R1 I-S with 30—38% expandable layers.
Those Diva samples (117—130°C) which contain smec-
tite have RO I-S with 31-41% expandable layers; Diva

samples without smectite have R1 I-S with 25—-33%
expandable layers.

Phyllosilicate fabric

Despite burial to 5.5 km and a reduction in porosity
from a probable depositional value of ~70% to present
values of 10—20%, none of the samples in this study has
a strongly aligned phyllosilicate fabric, including those
samples which display depositional lamination.
Maximum pole densities for I-S range from 1.74 to
4.05 m.r.d. and are mainly <3 m.r.d. (Table 3). The
maximum pole densities are independent of burial depth
over a range of 1.5 to 5.5 km (Table 3; Figures 3, 4).
The degree of preferred orientation for the kaolinite/
chlorite phases is generally similar but somewhat lower
than that of I-S (Table 3). The lack of an aligned
phyllosilicate fabric is supported by BSEM images,
which show a chaotic fabric for most of the samples
(Figure 5), including the most clay-rich samples.

These results differ substantially from the findings of
Ho et al. (1999) from the shallow-water Gulf Coast.
There, a major increase in the alignment of phyllosilicates
occurred across the smectite to illite transition at depths
between 2 and 2.5 km (80—100°C). In our samples from
the deep-water Gulf of Mexico, smectite persists to 120°C
and there is limited support for either substantial
illitization or fabric realignment. The BSEM images
(Figure 5) do suggest minor rearrangement of fabric
normal to the principal (vertical) stress of those deepest
samples which do not contain discrete smectite. However,
the maximum pole density values for the two most
illitized samples are 3.15 and 3.41 m.r.d., compared to
values around 6 m.r.d. in the Ho ef al. (1999) data set.
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Figure 3. Physical properties of samples as a function of temperature.

Porosimetry

Porosities range from 0.09 to 0.22 and are largely
independent of depth (Table 1, Figure 3). The narrow
porosity range over a 4 km depth range reflects the
increasing overpressure deeper into the sections. Fluid-
pressure data from adjacent sandstones indicate that the
vertical effective stress, the driving force for mechanical

compaction, is similar throughout the section at
~20 MPa. Modal pore-throat sizes are generally between
6 and 15 nm (Table 1, Figure 3), low values which are
consistent with the mudstones’ compactional state and
lithology (Yang and Aplin, 1998; Dewhurst et al., 1999).
Both porosity and pore-size distribution data thus
indicate extensive compaction, with the two most
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Microfabric of deep-water Gulf of Mexico mudstones

Figure 5. Backscattered electron micrographs: (a) Panis 1816 mbsf, %S in I-S ~30, maximum pole density unmeasurable due to lack
of fabric; (b) Panis 1999 mbsf, %S in I-S ~55, maximum pole density = 4.05; (c) Diva 5001 mbsf, %S in I-S ~25, maximum pole
density = 1.74; (d) Diva 5649 mbsf, %S in I-S ~28, maximum pole density = 3.41.

illitized samples having the lowest porosities and
smallest modal pore size of all the samples.

DISCUSSION

Clay mineralogy

Many previous studies have used XRD data to
describe the conversion of smectite to illite as a
kinetically controlled reaction in which smectite layers
are steadily converted to illite (e.g. Hower et al., 1976;
Freed and Peacor, 1989; Velde and Vasseur, 1992;
Essene and Peacor, 1995; Elliott and Matisoff, 1996;
Berger et al., 1999). Studies in the shallow-water and
onshore Gulf Coast mudstones have concluded that the
formation of I-S with low expandability is generally
complete at ~100°C (e.g. Hower et al., 1976; Kisch,
1983; Freed and Peacor, 1989). Our results are very
different; in these deep-water Gulf of Mexico samples,
discrete smectite persists to temperatures in excess of
120°C and coexists with RO and R1 I-S with only
25—40% expandable layers. We suggest that these data
can be explained in one of two ways.

One possibility is that illitization of detrital I-S
occurs in preference to illitization of detrital smectite.
We do not favor this model because we have no evidence
of detrital smectite in the more shallow-buried Panis
samples (albeit of <2 um separates) and are unable to
find any support for this model in the extensive
illitization literature.

The second model, which we prefer but which
requires further investigation, is that the <0.2 pm I-S is
detrital and that the discrete smectite is being formed by
in situ alteration of volcanic glass. Discrete smectite
coexisting with expandable I-S is not commonly
recognized, but has been reported by McCarty (2005),
who found that smectite was associated with [-S when
volcanic glass was also present in the samples. Lanson et
al. (2005a, 2005b) have similarly reported the coex-
istence of R1 I-S with relatively low expandability
coexisting with RO I-S with high expandability in the
Gulf of Mexico, and Drits et al. (2002) suggested the
coexistence of chemically and structurally distinct I-S in
some mudstones from East Greenland. Drits et a/l. (2002)
suggested differing origins of the two mineral types,
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with the more expandable phase derived from the
weathering of volcanic material. Certainly, abundant
volcanic glass exists in some offshore Gulf of Mexico
strata (Hunter and Davies, 1979; Hanan et al., 1998), and
Hanan et al. (1998) have traced the origin of the glass to
volcanic centers in the Snake River area of the Rocky
Mountains. We envisage a mechanism where smectite
forms from glass and illitization is slowed until the glass
is consumed, perhaps because K is unavailable for
illitization through its consumption by the alteration of
glass (e.g. Staudigel and Hart, 1983; Pichler ez al., 1999;
Stroncik and Schminke, 2001). However, our data do not
rule out limited illitization of detrital I-S. Firstly, the
expandability of the I-S in the <2 um fraction of Panis
samples is somewhat greater than that of the I-S in the
<0.2 um fraction of hotter Ikon and Diva samples.
Secondly, I-S in samples containing discrete smectite is
more expandable (30—41% S) than in samples without
discrete smectite (25—33% S). Our argument is thus that
the formation of smectite from glass slows down rather
than halts the illitization reactions. More details of this
interpretation will be presented in future work.

Although we do not have sufficient data to undertake
a rigorous analysis of the kinetics of putative reactions
involving smectite in this section, it is noteworthy that
compared to onshore Gulf Coast sections, the mudstones
in this study are young (Pliocene-Miocene) and have
been subjected both to rapid burial (up to 1000 m/my)
and a low thermal gradient (20—23°C/km). In addition to
the occurrence of volcanic glass, the apparently high
temperature of illitization could also reflect the time-
temperature history of the sediments. The high tempera-
ture at which illitization occurs in this section is similar
to that observed in the South Caspian Basin
(Buryakovsky et al., 1995), where similar age sediments
(Miocene—Pliocene) have had a similar thermal history
(current thermal gradients 15—20°C/km).

Phyllosilicate fabric

The fabric data (Table 3, Figures 4, 6) show that
maximum pole densities range from very weak
(<2 m.r.d.) to moderate (3—4 m.r.d.) and, even in the
hottest and deepest samples, never reach the values of
5—6 m.r.d. measured by Ho ef al. (1999) in lower-
temperature samples from the coastal Gulf of Mexico
section. These results are qualitatively consistent with
the BSEM images which show little evidence of aligned
fabrics, except for the two samples at 130°C, where some
fabric is implied by the parallel orientations of cracks
resulting from the unloading that occurs when cores are
brought to surface conditions.

Since there is substantial evidence that both mechan-
ical compaction (e.g. Bowles et al., 1969; Bennett et al.,
1981; Vasseur ef al., 1995) and clay mineral recrystalli-
zation (e.g. Ho et al., 1999) can result in the develop-
ment of a strongly aligned phyllosilicate fabric, we need
to explore why this is not the case in these sediments. It
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is indeed counter-intuitive that intense mechanical
compaction does not result in substantial reorientation
of platy minerals. One issue relates to the scale of
observation. Whereas HRXTG quantitatively determines
the alignment of phyllosilicates of an oriented section
over an area of 1 mm?, most previous studies have
qualitatively examined mudstone microfabric using
electron micrographs imaging an area of ~0.01 mm?,
within a sample that is not oriented relative to the stress
field. It is possible that a strongly aligned fabric might
exist on a 0.01 mm?® scale but not a 1 mm? scale. For
example, Curtis et al. (1980) stressed the importance of
quartz silt in inhibiting the development of a strongly
aligned phyllosilicate fabric in mudstones. In that
situation, clusters of phyllosilicates could produce a
locally aligned fabric observable by SEM but which
would be randomized around equidimensional quartz
grains on the millimetre scale. The importance of the
ratio of phyllosilicates to more equidimensional grains
on fabric alignment is clearly observed in the Ho et al.
(1999) dataset, in which millimetre-scale phyllosilicate
fabric intensities are much lower in samples rich in
detrital quartz grains (Figure 6).

In this sample set, however, grain size and miner-
alogical analysis show that fabric is weak or moderate
even in the most clay-rich samples, and even in illitized
samples. We propose that the lack of an aligned fabric in
these samples reflects a combination of (1) the way in
which the phyllosilicate particles were deposited and
(2) the limited extent of phyllosilicate diagenesis,
especially illitization of smectite. As it is inconceivable
that a phyllosilicate fabric would decrease as a function
of increasing burial and effective stress, we infer from
the lack of an aligned phyllosilicate fabric at 3—4 km
burial depth that the phyllosilicates in these mudstones
were deposited without a preferred orientation, whatever

Maximum intensity (m.r.d.)
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Figure 6. Comparison of the maximum pole densities of the
samples from this study and those from the onshore Gulf of
Mexico (Ho et al., 1999). ‘Sandy’ samples from the study by Ho
et al. study are within the box and are described as containing
significant amounts of silt and sand-grade quartz. In the study by
Ho et al., the S to I transition occurs between ~80 and 100°C.
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the precise nature of the processes of sediment deposi-
tion. It is also important to note that phyllosilicates do
not show a preferred alignment even in samples with
clear depositional lamination. The data presented here
are consistent with work in the modern Mississippi Delta
which suggests that the primary depositional texture of
phyllosilicates in surficial muds is generally random
with common edge-to-face grain contacts, suggesting the
importance of flocculation in the deposition of phyllo-
silicates (Bennett et al., 1991).

Without a preferentially aligned, depositional phyllo-
silicate fabric, mechanical compaction of these mud-
stones to porosities of ~15% and an effective stress of
20 MPa (2900 psia) has not resulted in a substantial
reorientation of phyllosilicates normal to the maximum
stress. Whilst this may in part reflect variations in the
local stress field imposed by quartz grains, electron
micrographs do not reveal an oriented fabric even in
clay-rich areas where equidimensional quartz grains are
rare. We conclude that isotropic phyllosilicate fabrics
can be preserved even after very substantial mechanical
compaction.

Ho et al. (1999) presented evidence for a major
reorganization of phyllosilicate fabric related to the
smectite to illite transition in shallow water Gulf Coast
mudstones. Their data are plotted along with our results
in Figure 6. In what Ho ef al. (1999) described as fine-
grained samples, maximum pole densities increase
abruptly from ~3 to between 6 and 7 across the
transition. In our samples, maximum pole densities do
not exceed 3.5, even at the base of the section where
there is no discrete smectite and where the %I in I-S is
~70—75%. Although Ho et al. (1999) observed that
fabric intensities at a given temperature were much
lower in ‘sandy’ samples than in fine-grained samples
(cf. Curtis et al., 1980), the relatively weak fabric in our
samples cannot be ascribed to the occurrence of silt-
grade quartz, as most of our samples are fine-grained,
with clay fractions in excess of 40%. We suggest that the
lack of a strongly aligned phyllosilicate fabric reflects
the apparently limited extent of illitization that these
mudstones have been subjected to. We propose a two-
stage diagenetic process involving (1) the alteration of
volcanic glass/ash to smectite, and (2) the illitization of
smectite and I-S. The alteration of glass results in
smectite without a preferred orientation and retards the
illitization reaction. Based on the shallower Panis
samples, we propose that the detrital I-S supplied to
these sediments was quite illitic and that the low
expandability of I-S in the hottest section is the result
of only modest illitization and recrystallization. Based
on a host of studies of shales and metamorphic pelites,
we suggest that the recrystallization and growth of illite
will continue with increasing thermal stress, document-
ing the process by which muds are converted into shales
and pelites, with an attendant enhancement of fabric
(e.g. Lee et al., 1985; Peacor, 1992; Merriman and
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Peacor, 1999). The samples in this study are document-
ing (1) mechanical compaction processes and (2) a
relatively early phase of recrystallization, neither of
which have led to a substantial realignment of phyllo-
silicates, at least on the square millimetre scale observed
by HRXTG.

Non-mechanical compaction

Non-mechanical compaction (pressure solution,
stylolitization) is the process by which porosity is
reduced through mineral dissolution at grain contacts,
independent of effective stress. It is a well known
phenomenon in both carbonates and sandstones (e.g.
Garrison and Kennedy, 1977; Tada and Siever, 1989;
Bjerkum, 1996) but is much less well documented in
muds, partly because the small grain size of mudstones
makes petrography difficult, and partly because of the
difficulty of establishing an accurate baseline for purely
mechanical compaction. Because the porosity-effective
stress relationships of muds vary according to lithology
or grain size (Burland 1990; Aplin et al., 1995; Yang and
Aplin, 2004), one must be certain that any change in
porosity observed across a zone of mineralogical or
chemical change can be related to the mineralogical
event and not inherited from lithological difference.

Figure 3 displays porosity, pore radius, fabric and
mineralogy as a function of both depth and in situ
formation temperature. There are no significant changes
in porosity or modal pore-throat size between 2000 mbsf
(40°C) and 5000 mbsf (120°C), with porosities close to
the 15% value suggested by several authors to be the
minimum value achievable by mechanical compaction
alone (Brown and Ransom, 1996; Lahann, 2002). At
depths >5000 mbsf (120°C), coincident with the
disappearance of discrete smectite and the increase in
%I in I-S from 60—70 to 70—75%, porosity drops from
~15% to <10% at 5649 mbsf (130°C). Trends in the
modal pore size are less clear but the two most illitized
samples have the smallest modal pore-throat size
(~6 nm). Because the S to I transition occurs over a
relatively narrow range of effective stress, the dataset
should be ideal for unraveling the relative effects of
illitization and lithology on compaction. However,
although it is tempting to suggest that the abrupt
reduction in porosity has been caused by illitization at
a constant effective stress, as previously suggested by
Lahann et al. (2001) and Lahann (2002), the dataset is
too small to allow strong conclusions to be drawn. The
five samples above 120°C have clay fractions ranging
between 22 and 60%, which would result in different
porosities simply as a result of mechanical compaction
(Yang and Aplin, 2004). Coarser-grained samples would
be expected to have lower porosities, which is broadly
what we observe. Whether or not there is an additional
non-mechanical effect contributing to porosity and
permeability, reduction must be decided on an expanded
dataset.
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CONCLUSIONS

At deposition, the phyllosilicate fabric of the
mudstones described in this study was weak or isotropic.
Intense mechanical compaction has reduced their
porosity from ~75 to 15% but has not resulted in a
strongly aligned phyllosilicate fabric, even in fine-
grained, clay-rich samples.

Unusually, discrete smectite persists in <0.2 um
separates to ~120°C, coexisting with R1 I-S or RO I-S
with 30—40% expandable layers. Between 120 and
130°C, discrete smectite disappears and the expand-
ability of I-S decreases to ~25—30%. We propose a two-
stage diagenetic process involving (1) the alteration of
volcanic glass/ash to smectite, and (2) the illitization of
smectite and I-S. The alteration of glass results in
smectite without a preferred orientation and retards the
illitization reaction. The lack of a strongly aligned
phyllosilicate fabric is thus thought to reflect the
apparently limited extent of illitization, and thus
recrystallization, to which these mudstones have been
subjected.

We anticipated that this dataset would help us
determine whether mudstone porosity and permeability
was reduced by non-mechanical processes, primarily the
conversion of smectite to illite. In these samples,
mechanical compaction is indeed the dominant mechan-
ism by which porosity is lost. However, there is a hint
that clay mineral recrystallization might further reduce
porosity. A larger dataset is required to enhance
confidence in this hypothesis.
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