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SMECTITE-ILLITE-MUSCOVITE TRANSFORMATIONS, QUARTZ DISSOLUTION,
AND SILICA RELEASE IN SHALES

PETER C. vAN DE KAMP*
40385 Queener Drive, Scio, Oregon 97374, USA

Abstract—Quantitative analysis of the smectite-to-illite and illite-to-muscovite transformations indicates
that 17—28 wt.% SiO, and 17—-23 wt.% SiO,, respectively, are liberated during these reactions, assuming
that Al is conserved. Dissolution of quartz silt in shales yields up to 6—9% SiO, in the range up to 200°C
and a further 10—15% SiO, in the 200—500°C range. For muds altered to shales at 200°C, 14—20 wt.%
silica is evolved. From 200 to 500°C, a further 18—28 wt.% silica is evolved. Additional small amounts of
silica may be released in the alteration of feldspar to clay and by stylolitization of quartz silt. Thus, in the
burial and temperature range of diagenesis into the epizone, major quantities of silica are released from
clays and by quartz dissolution in shales. Within this range of alteration, concomitant decline of whole-
rock Si/Al (SiO,/Al,03) in the transformation of smectite to illite to muscovite suggests the liberated silica
migrates from the source shale. As a result, the metamorphosed shales are more micaceous and less
quartzose than their progenitor muds. In the diagenetic zone and anchizone, the evolved silica is probably a
major source of quartz cement in sandstones. In the epizone, evolved silica is commonly present in quartz
veins in the parent rocks. Fluid-inclusion temperatures in quartz overgrowths and fracture fillings in some
sandstones suggest that some cements may have been derived from downdip basinal shales and pressure
solution in sandstones.

Key Words—Anchizone, Clay Transformation, Diagenesis, Epizone, Illite, Muscovite, Quartz, Silica,

Smectite.

INTRODUCTION

The purpose of this study was to quantitatively
evaluate the chemistry of the transformation of smectite
to mixed-layer illite-smectite and illite, and then to
muscovite, with the goal of estimating the amount of
silica released. Alumina was assumed to be conserved,
as indicated by Wintsch and Kvale (1994) and Land et
al. (1997). Dissolution of quartz and feldspar silt as
sources of silica during burial alteration of shale was
also evaluated. The fate of the released silica was
considered; is it largely expelled from the shale hosts or
is much of it retained as silica minerals in the shales? Is
the free silica a significant source of cement in
sandstones? What is the evidence for silica migration
from shales to sandstones? This evaluation is related to
temperatures and burial depths in the range of diagenesis
to amphibolite-facies metamorphism. Existing mineral
and chemical data for clays and shales were evaluated
and significant new data are presented for shales altered
in the range 100—500°C.

The smectite (montmorillonite)-to-illite transformation
in shales as a source of silica for sandstone cement was
studied by Towe (1962), Leder and Park (1986), Boles
and Franks (1979), Lynch (1997), and Land and Milliken
(2000). It is well understood that relatively siliceous
smectite clays alter to less siliceous illite with increasing
depth of burial and temperature in sedimentary basins
(Hower et al., 1976; Lynch et al., 1997). On the basis of
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whole-rock analyses of shales buried at depths of 2.4 to
5.5 km, Land et al. (1997) estimated a loss of ~6 wt.%
SiO,. In the mixed-layer smectite-illite series, with
continuing deeper burial and greater temperatures, the
proportion of smectite decreases as the illite content
increases. Ultimately, from illite, the thermodynamically
stable muscovite is developed. Accompanying the miner-
alogical alterations are chemical changes including loss of
silica and water and uptake of K. Reactions which may
accompany the smectite transformation are alteration of
K-feldspar and plagioclase to clays, silica, and/or albite
(Lynch et al., 1997). The transformation of smectite to
~95% illite occurs in the temperature range 20—200°C,
and the 95% illite-to-muscovite transformation in the
200—300°C range (Merriman and Frey, 1999). With
increasing temperature from ~300 to 500°C, very fine
crystalline muscovite is gradually replaced by thermo-
dynamically stable, coarse muscovite (Merriman and
Peacor, 1999). These alterations and their relations to
diagenetic and metamorphic zones are summarized in
Figure la. Important to note is that through the range of
diagenesis and into the epizone of metamorphism, a
regular progression is observed from silica-rich smectite
to relatively silica-poor muscovite.

In sedimentary basins, there has been extensive
quantitative analysis of authigenic quartz cement volumes
in sandstones buried deeper than ~3 km at temperatures of
90—100°C+ (Stone and Siever, 1996; Giles et al., 2000).
Potential sources of quartz cement in sandstones include:
(1) internal, i.e. pressure solution of detrital quartz
(Thomson, 1959; Thomas et al., 1993; Spotl et al.,
2000; Hartmann et al., 2000; Walderhaug and Bjorkum,


https://doi.org/10.1346/CCMN.2008.0560106

Vol. 56, No. 1, 2008 Clay transformations and silica release in shales 67

Cumulative wt. %
SiO2 released

a Si/Al b

C % Water (H,0" + H,0")

1 2 3 4 10 2 4 10 20 30
0-30°C — 0 10 20 30 40 50 .
Z \ 2 T+
8 - 90 B F90
0| 2 g
E 8070 w [ 80
Q
~70°C & [705 70 + +
8 | oo E
5 [60= 2160
— [v]
> [502 50 +
A 2o
w 4073 Sr o
100°c ] 40_2 E 40
o |a30E Sta | %P
wiy | £l 8°T
= r202 Q|
S6R | 3 £ o
< 10 £ ﬂ”_, 10 8
o 7] c
200°C —-5 32 Sr5 ety
w o
P o
N
(J.:) CLAY DATA SOURCES (Parts A, C)
Z & Inoue et al. (2005)
< © ® Hower and Mowatt (1966)
300°C — 0 -0 X Poland, $rodon et al. (1986)
O United Kingdom, Srodor et al. (1986)
® Lynch et al. (1997)
9 -} Eslinger et al. (1979)
w 8 mm 12 Montmorillonites (Newman, 1987)
z 8 e L Livi et al. (1997)
400°C Q- 2 Li Liet al. (1994)
o o 1 Grim (1968)
w ; % Fleet and Howie (2003) Muscovite
= H Hunziker et al. (1986)
Abit W Wintsch et al. (1991)
Andesine KeFeldspar SY Smith and Yardley (1999)
o g Oligoclase
500°C — Muscavitg e Pyrophyliite Muscovite
Phengite

Figure 1. (a) Plot of Si/Al vs. temperature for the smectite-illite series, muscovite, and feldspars. Essentially, there is a regular
decline of Si/Al from smectite to muscovite through the mixed-layer illite-smectite transition. For the smectite—illite series, scatter
along the linear trend may be due to some clays being more aluminous than others of similar gross composition. Scatter may also be
due to the presence of quartz impurity in the clay analyzed. The temperatures and diagenetic and metamorphic zones are from
Merriman and Frey (1999). (b) The evolution of silica with increasing temperature, calculated in wt.% (see text), from the
smectite—muscovite series. Published estimates plus those from this study are shown. Line B indicates the 20% illite/80% smectite
of Boles and Franks (1979) altered to illite and muscovite; see text for calculated estimates. Line E is for smectite to illite from
Eslinger et al. (1979). LP is the smectite to illite alteration as indicated by Leder and Park (1987). Line S indicates estimated silica
released from montmorillonite altered to 94% illite from Srodon et al. (1986) and thence to muscovite. MM represents estimated
silica evolved in the smectite to muscovite transformation. (c) Total water content (H,O~ plus H,O") plotted for smectite-illite and
muscovite illustrating the decrease in water over the range from smectite to illite and muscovite. Note that in the range of ~30°C to
200°C, ~70% of the water originally contained in smectite is lost.

2003) as well as silica freed in the alteration of detrital
feldspars (Gold, 1987; Wilkinson et al., 2001); and
(2) external, silica transported in solution into sandstones
(Burley et al., 1989; Gluyas and Coleman, 1992; Gluyas
et al., 2000). In some cases, pressure solution (stylolitiza-
tion) provides much if not all of the quartz cement in
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sandstones (Walderhaug, 1994; Walderhaug and Bjorkum,
2003). Consideration of potential sources of silica for
cement indicates that, in many cases, volumetrically
insufficient free silica is generated within the sandstones
to provide all of the 15—30% cement found in these rocks
(Stone and Siever, 1996). Giles et al. (2000) summarized
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quantitative modal data on quartz-rich sandstones from
four basins to indicate: (1) an initial phase of up to 7—8%
quartz cement, deposited at <90°C; and (2) a second phase
of quartz cementation, ranging up to 30% by volume
occurs at 90°C and above. Similar data have been cited by
Stone and Siever (1996). Fluid inclusion temperatures
indicate that volumetrically significant (>5%) precipita-
tion of quartz cements commences at 70—100°C in
Mesozoic sandstones of the North Sea (Bjorlykke and
Egeberg, 1993; Walderhaug, 1994; Marchand et al., 2002)
and in the Ordovician Simpson Group of Oklahoma
(Mitcheltree, 1997). Much of the observed quartz cement
apparently migrated into the sandstones from a source or
sources outside the sandstones. If so, what was the source
of the quartz cement? Within the sequence of sandstones
and associated shales, is it possible to develop and migrate
the volume of cement observed in the sandstones?

MATERIALS AND METHODS

Data sources include published chemical and X-ray
diffraction (XRD) analyses of clays, micas, and shales,
plus new mineral and chemical analyses of muds and
shales from several basins (Tables 1 and 2). The new data
include 28 Ordovician Simpson Group shales associated
with orthoquartzites in the Anadarko Basin of Oklahoma.
These samples, from petroleum well cores, represent
alterations to 6 km depth and temperatures up to 150°C.
Additional new data were collected for six Lower Tertiary
and Upper Cretaceous feldspathic shales interbedded with
feldspathic sandstones in the Santa Ynez Mountains of
California, 12 Silurian and Ordovician shales interbedded
with quartzites in the Variscan Belt of northwestern Spain,
and five Archean shales interbedded with quartz-rich
sandstones at Sandy Lake, northwest Ontario. For
comparison with the ancient rocks, modern muds were
used. The mean of 58 Amazon Fan muds (Shipboard
Scientific Party, 1995) represents detritus from prove-
nance of basement and sedimentary rocks developed in
temperate to intense tropical weathering. The mean of 50
Gulf of Mexico (GOM) muds from the Mississippi Fan
(Pickering and Stow, 1986) is for detritus derived from
basement and sedimentary provenance under temperate
climate conditions. The mean for 40 non-marine
California muds (present author’s data) represents sedi-
ments largely derived from the plutonic and metamorphic
rocks of the Sierra Nevada and southern California
basement provenance in temperate climate.

New XRD analyses for this study were by K/T
GeoServices, Argyle, Texas. The analytical procedures
are described below. First, rock samples were reduced to
fine sand size using a mortar and pestle. A split of each
sample was transferred to de-ionized water and pulver-
ized in a McCrone micronizing mill. The resulting
powder was then dried, disaggregated, and pressure-
packed into an aluminum sample holder to produce
random-oriented whole-rock mounts. A separate sample
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split was dispersed in dilute sodium phosphate solution
using a sonic probe. The suspension was then size-
fractionated by means of a centrifuge in order to isolate
the <4 um (equivalent spherical diameter) fraction. The
suspensions were then vacuum deposited on nylon
membrane filters to produce oriented clay mineral
aggregates. Membrane mounts were attached to glass
slides and exposed to ethylene glycol vapor for a
minimum of 24 h.

X-ray diffraction analyses of the samples were
performed using a Rigaku automated powder diffract-
ometer equipped with a Cu X-ray source (40 kV, 35 mA)
and a scintillation X-ray detector. The whole-rock
samples were analyzed over an angular range of
2—65°20 at a scan rate of 1°/min using a sample spinner
to reduce the effects of preferred orientation. The glycol-
solvated, oriented clay mounts were analyzed over an
angular range of 2—50°20 at a scan rate of 1.5°/min.

Semi-quantitative determinations of whole-rock
mineral mounts were performed by utilizing integrated
peak areas (derived from peak-decomposition/profile-
fitting methods) and empirical reference intensity ratio
(RIR) factors determined specifically for the diffract-
ometer used in data collection. The total phyllosilicate
(clay + mica) abundance of the samples was determined
from the whole-rock XRD patterns using combined 001
and hkl clay mineral reflections and suitable empirical
RIR factors.

The XRD patterns from glycol-solvated, clay-fraction
samples were analyzed using techniques similar to those
described above. The relative amounts of phyllosilicate
minerals were determined from the patterns using
profile-fitted integrated peak intensities and combined
empirical and calculated RIR factors. Determinations of
mixed-layer clay, ordering, and expandability were
carried out by comparing experimental diffraction data
from the glycol-solvated clay aggregates with simulated,
one-dimensional diffraction profiles generated using the
NEWMOD program written by R.C. Reynolds.

Thin sections of shales and siltstones were examined
for mineralogy, insofar as it could be determined, and
textures. Anchizone and epizone rocks, being coarser-
grained, are amenable to thin-section analysis. Many of
the shales studied are dominated by laminated clay-rich
beds; some rocks contain 1-5 mm thick silt layers
comprising quartz, feldspar, heavy minerals, detrital
micas, and clays.

The chemical analyses of rocks were performed by
Activation Laboratories, Ancaster, Ontario, Canada. The
rock samples were crushed to 50—100 mesh in a mild-
steel jaw crusher. The resultant sand-size material was
then reduced to <200 mesh size in an agate mortar. Splits
of the rock powder were mixed with a flux of lithium
metaborate and lithium tetraborate, and fused in an
induction furnace. The melt was immediately poured
into a 5% nitric acid solution containing an internal
standard and mixed continuously for ~30 min until
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completely dissolved. The samples were analyzed for
major oxides, trace elements, and REE by a combination
of inductively coupled plasma (ICP), instrumental
neutron activation analysis (INAA), inductively coupled
plasma-mass spectrometry, and X-ray fluorescence
(XRF) techniques. Calibration was with seven USGS
and CANMET reference standards. One of the seven
standards was used during the analysis for each group of
ten samples. Ferrous Fe, in acid-digested samples, was
determined by titration with KMnO,.

Normative minerals were calculated using the pro-
gram SEDNORM, an extension of the procedure
published by Garrels and Mackenzie (1971). The
program is available on request from the present author.

ESTIMATES OF SILICA DERIVED FROM CLAYS
AND SHALES

Clay-mineral reactions in the smectite—illite—musco-
vite series and mud-to-shale-to-schist alterations are
considered to demonstrate the decrease in silica content
relative to alumina with increasing temperature in burial
diagenesis and metamorphism.

Estimates based on balanced equations

Using end-member chemical formulae and molecular
weights for smectite, illite, and muscovite, with balanced
reactions assuming Al,Oj3 to be constant, estimated silica
yields are as follows:

(1) Smectite to illite

1.308[(Al3.15Mgo.85)(Si5.00)020(0H)4(Nag 5)2H,0 +
1101.1 g
(0.06 Fe,03 + 0.56 K,0 + 0.02 Ca0O)] —
[(Als.12Fe0.1Mgo.56)(Si7.17)020(OH)4(K 1 47Nag 01Cag.03)] +
7872 g
3.29 SiO;, + 0.56 Na,O + 0.55 MgO + 3.23 H,O
197.7g.

Total weight of reaction products = 1101.1 g
Silica released in transformation = (197.7/1101.1) x 100 =
18.0%

(2) Illite to muscovite

1.456[(Al4.12Feq.1Mgo.56)(Si7.17)020(OH)4
(K1.47Nag 01Cag03)] —

1146.2 g
K>AL(SigAL,020)(OH), + 4.44Si0, + 0.14Fe,05 +
796.6 g 266.8 g

0.81MgO + 0.02Na,O + 0.05Ca0O + 0.9H,O

Total weight of reaction products = 1146.2 g
Silica released in transformation = (266.8/1146.2) x 100
=23.3%

The sources of the mineral formulae are: smectite,
Newman (1987, p. 49); illite, Srodon er al. (1986,
tables 1, 3, #M11); muscovite, Deer et al. (1966, p. 201).
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The trend of reduced silica relative to alumina for the
smectite—illite series, and muscovite, is illustrated in
Figure 1a as Si/Al (SiO, wt.%/Al1,0; wt.%) relative to
temperature. The estimated 18% silica loss in the
smectite-to-illite transformation occurs in the
~30—190°C range and the further 23.3% silica loss in
the illite-to-muscovite transformation occurs in the
~190—500°C range (Figure 1b). Other estimates of silica
loss from the smectite to illite reaction, using different
mineral compositions (less aluminous smectites) from
those used here, yielded 28% SiO, (Leder and Park,
1986) and 23.4% SiO, (Boles and Franks, 1979). These
are also plotted in Figure 1b, as is the calculated silica
loss for the illite-to-muscovite transformation of Boles
and Franks (1979). These calculations and the tempera-
ture-transformation plot (Figure 1b) establish that smec-
tite may lose up to 10% of its original silica content upon
reaching 60—70°C during burial and 17—28% in the
range 30—200°C. Due to the progressive alteration of
smectite to illite in various mixtures of smectite and
illite layers, and as illite transforms to muscovite, silica
is released throughout the transformation. Thus, over a
wide range of increasing burial and temperature, silica is
released from clays and is potentially available to
migrate from its source, as demonstrated by the general
absence of precipitated silica in shales. Concurrent with
silica loss is the evolution of water, as smectite is
transformed to illite (Figure 1d). Water loss as a
proportion of the original 23—24 wt.% in smectite is
~60—70% upon transformation to illite.

The saponite—chlorite transformation, as outlined by
equation 2 of Chang et al. (1986) with Al conserved,
yields 34.5 wt.% SiO,. For the case of mobile Al
(equation 1 of Chang et al., 1986), the silica yield is
6.8 wt.%. These reactions occur at similar temperatures
in the diagenetic zone to those of smectite—illite
transformation. In shales where both smectite and
saponite are present, both will evolve silica upon
changing to illite and chlorite, respectively.

Estimates based on Si/Al ratios

An alternative, empirical procedure to evaluate
changes in whole-rock Si/Al and silica loss follows.
Consider that silica is removed from shales so that the
remaining elements are enriched. Assume initially that a
shale contains 55 wt.% SiO, and 16 wt.% Al,O3 with Si/
Al = 3.44. Remove 10 wt.% silica so that 49.5 wt.%
remains and recalculate the rock analysis to 100% total
using the factor 100/94.5 = 1.0582. This yields
Si0,/Al,03 = 52.38/16.93 = 3.09. Five successive 10%
silica loss increments yield a total loss of 43.7 wt.% of
the original silica (Figure 2a). For this plot, I have
assumed that for each 100°C increase in temperature,
10% of the silica in shale is lost. A similar procedure
was followed to model silica and Na loss as well as K
gain for the mean Gulf of Mexico (GOM), California,
and Amazon muds (Table 3). The results follow the
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trend for clay and mica data (Figure la) and the silica
loss estimated for shale to amphibolite-facies metape-
lites by Ague (1991). In the temperature range up to
200°C, as much as 20%+ of the original silica in clay has
been released. Up to 40%+ of the original silica in clay
has been released from the rock upon reaching
400—500°C. Through the entire temperature range,
much of the evolved silica is from smectite-to-illite
and illite-to-muscovite transformations, with lesser
contributions from feldspar alterations and quartz
solution.

Compared to the Si/Al trend in clays (Figure 1a) and
the reduction in Si/Al displayed by shales with increas-
ing metamorphism (Figure 2b), the results obtained by
this method are reasonable. An advantage of this
approach is that it starts with fixed mud compositions,
and avoids the uncertainties regarding element mobility
introduced by micro- and macro-scale mineral and
chemical compositional variations in pelitic rocks, as
cited by Moss et al. (1996).

Estimates based on shale compositions

Another approach to estimate apparent silica losses is
to use mean shale compositions at various levels of
diagenesis/metamorphism, compared to modern mud
compositions (Tables 1, 2). The modern muds are
smectite-rich relative to kaolinite (Table 1) and have
mean Si/Al = 3.74 to 4.40. For this comparison,
equation 2 of Ague (1991), modified for the specific
case of conserved alumina and mobile silica, is used:

% silica gain or loss =

Initial alumina Final silica
(Lt shomina | Finalsiea) 1y
Final alumina Initial silica

For various suites of shales compared to modern
muds (Table 2), calculated results indicate that 8—47%
of original silica was lost during alteration; much of this
loss is attributable to clay-mineral transformations.

DISSOLUTION OF DETRITAL QUARTZ IN
SHALES

In shales, non-clay detritus includes, by volume <5%
to 40% or more, silt-size quartz and feldspar. Evans
(1990) estimated that up to 20% of original quartz silt in
shales was removed by pressure solution in the
anchizone. Also in the anchizone, Sutton and Land
(1996) found that significant volumes of quartz were
mobilized from shales and deposited in quartz veins.
Another example is from diagenetic-zone shales inter-
bedded with sandstones where 20—25% of detrital quartz
in the shales was removed by pressure solution (Cyziené
et al., 2006). My own thin-section observations indicate
significant quartz dissolution in late diagenetic zone,
Simpson Group shales, Oklahoma, and epizone Luarca
shales, Spain. In these cases, angular elongate, embayed
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quartz grains that are oriented parallel to layering
represent remnants of originally larger, more rounded
to subangular, equant grains that occur in adjacent silt
layers. Similar dissolution of quartz in shales has been
observed by Knoke (1966) and Fiichtbauer (1978).
Apparently, up to half or more of the original detrital
quartz silt in the clay-rich beds has been removed in
solution. Evidence for pressure solution of quartz in
shales altering to slates has been cited by Groshong
(1976), Wright and Platt (1982), Evans (1990), and Do
Campo and Nieto (2003). In cases of quartz solution in
the development of slaty cleavage, studied by Erslev
(1998), much of the dissolved silica migrates only short
distances (<1 m) and thus is an unlikely source of
significant volumes of silica moving over distances of
hundreds of meters.

It should be possible to estimate the amount of silica
mobilized in burial alteration due to quartz-silt dissolu-
tion from decreasing amounts of modal quartz in shales
with increasing burial and temperature. Unfortunately,
there are no modal mineral abundance data for a single
shale from the diagenetic zone into the epizone.
Generally, there are few mineral analyses of shales to
quantitatively evaluate mineral-ogical changes with
burial metamorphism. A way to address the question of
quartz loss with increasing alteration and temperature is
to use normative quartz abundances for shales. For this
purpose, the California, Gulf of Mexico, and Amazon
muds were empirically modeled chemically (Table 3)
for silica and Na losses and K gains. The results
(Table 3, and Figure 2¢) indicate progressively less
quartz and greater amounts of phyllosilicates with
increasing temperatures of alteration, and they parallel
the trends of decreasing silica for shales and clays
(Figures la, 2b). The normative quartz loss is ~50—70%
of the original amount for the cases modeled. The actual
amount of normative quartz lost from surface conditions,
through the epizone, ranges up to 16—22 wt.%. Within
the range of diagenesis, the estimated loss is 6—9 wt.%.

At a given temperature or level of alteration, using
the apparent silica losses in the smectite—illite—musco-
vite transformations (Figure 1b), plus those for quartz
dissolution (Figure 2c), the calculated silica losses for
shale relative to possible precursor muds can be
compared (Figure 2d). For a given case, the total
calculated silica loss may exceed the amount of silica
derived from clays, but the difference is accounted for
by quartz dissolution during diagenesis/metamorphism.
For the Miocene-Oligocene shales studied by Land et al.
(1997), comparing the mean of the five deepest samples
to that of the five shallowest samples, normative quartz
loss was 5.2%. Land et al. (1997) estimated up to 9%
silica released in the smectite—illite transformation; half
this amount (assuming 50% illite in the shales) plus the
5% quartz loss adds up to 9.5% silica yield from these
shales. This is the same as estimated using equation 1,
comparing the means of the five shallowest and five
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deepest shales in the Land er al. study (Figure 2d).
Approximate temperatures are 80°C (shallow) and 190°C
(deep) for these shales.

DISCUSSION

The actual silica available from the smectite—illite—
muscovite transformations is up to 50% of original silica
in smectite (Figure 1b). However, shales may initially
contain 30—50% smectite which, upon conversion to
muscovite, would yield at most 15—25% silica in the
epizone, less than that indicated by estimates in Table 2
and Figure 2d. If such amounts of silica are mobilized,
then additional sources of silica including feldspar
dissolution and pressure solution of quartz must
contribute. Commonly, shales contain detrital feldspar
(Table 1). Alteration of albite to kaolinite plus Na* and
silica yields 45.8% SiO,. Thus, a shale containing 5%
albite would yield 2.3% silica, 10% albite would yield
4.6% silica, etc. K-feldspar yields 43% SiO, upon
alteration to kaolinite, plus K and silica. In some shales
a significant proportion of the feldspar may be dissolved
at temperatures of <120°C (Boles and Franks, 1979;
Lynch et al., 1997), whereas in others, feldspar is
preserved, as in the Keewaywin, Luarca, and Juncal
Shales (Table 1). Thus it is difficult to generalize about
the contribution of feldspar dissolution to the silica
evolved from shales.

Apparently little or none of the mobilized silica
remains in shales of the diagenetic zone, as indicated by
the general absence of quartz veins or quartz lenses in
clay-rich rocks. However, within shales, interlayered
laminae of siltstone and fine-grained sandstone com-
monly contain secondary quartz as overgrowths on
detrital grains. A detailed study by Milliken (1994)
found authigenic quartz overgrowths on quartz silt
grains in some shales but not others. In the same work,
no evidence of pressure solution of quartz grains was
found. Thus it might be inferred that the authigenic silica
was derived from clay transformations. Assuming that
silica is expelled from the shales, a likely site for its
precipitation is adjacent and updip permeable sandstones
in which quartz cement has been added during the same
period that clay mineral transformations and silica loss
from shales occurred.

If silica is not removed from shales, the overall silica
content of the rock should remain constant; volume-
trically, the rock will contain more authigenic quartz and
less clay with increasing levels of alteration.
Chemically, the composition remains the same as before
clay transformation, so Si/Al should be constant. In fact,
these relations are not observed, indicating that shales
act as open systems and much silica and water migrate
out of them during alteration, while K is absorbed as
illite develops.

The volume of silica imported to sandstone during
diagenesis to 7 = 130—150°C and to a depth of
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4.2—4.5 km was estimated as 18.9% by Gluyas and
Coleman (1992). In the Tuscarora Quartzite, Sibley and
Blatt (1976) found that pressure solution accounted for
about a third of the 21% quartz cement. For the Norphlet
sandstones, Thomas et al. (1993) estimated that a
minimum of 17—34% of the quartz cement was derived
by pressure solution on stylolites. In those cases, an
external (to the sandstone) source of quartz cement is
necessary, in addition to internal pressure solution of
sandstone quartz grains. Stone and Siever (1996)
estimated the mean quartz cement added to quartzose
sandstones buried to 5 km (7 = 170—200°C+) to be 17.4
vol.% . In their analysis of sources of silica cement,
Stone and Siever concluded that 7.6% of the 17.4% came
from pressure solution, stylolitization, and various
silicate reactions within the sandstone, and the remain-
ing ~10% was imported from outside the sandstones.
They suggest the smectite—illite reaction in shales is the
external source of silica cement in the sandstones.
Assuming 10 vol.% cement in the sandstone, it is
possible to estimate the likely availability of silica from
adjacent shales. From the estimates outlined above and
Figure 1b, ~10% of the silica is produced by the
smectite—illite transformation in the 100—200°C range.
If it is assumed that mixed-layer smectite-illite is 50% of
the shale, then ~5% of silica is produced. In marine
basins, downdip, central-basin, shale-rich sediments may
be volumetrically significant sources of silica to migrate
updip for sandstone cement. Typically, shale is 2—10
times more abundant than sandstone in basins containing
quartzose sandstones (Pettijohn, 1975; Statler, 1965; and
the present author’s own observations). To deposit the
required 10% cement in the sandstone, a transfer
efficiency of ~20—100% of silica in solution would be
necessary.

An estimate of the proportions of silica from the
smectite—illite transformation, from dissolution of
quartz silt in shale, and from pressure solution of quartz
in sandstones interbedded with deep basin shales, using
information from the preceding sections, follows.
Assume the deep basin rocks are 80% shale and 20%
sandstone. For the temperature range 100—200°C,
assume 10% silica from the smectite—illite transforma-
tion as above. Thus, 80% shale containing 50% clays
yields 0.8 x 0.5 x 10% = 4.0% SiO,. To this, add another
4% Si0, for quartz-silt dissolution. From the sandstone,
quartz pressure solution yields 0.2 x 4.0% = 0.8% SiO,.
The silica total is 8.8%, with 9% of the silica coming
from pressure solution of quartz in sandstone, and the
rest from shale. The 4% silica by pressure solution
comes from an intensely stylolitized sandstone as
estimated by Stone and Siever (1996).

Quartz cement is added to sandstones gradually
during increasingly deeper and warmer burial, as
indicated by layered overgrowths and equilibration
temperatures in overgrowths (Marchand ef al., 2002).
This may mirror the gradual evolution of silica from
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clays in shales with increasing burial and temperature. If
such gradual and continuous cementation actually
occurs, then separate phases or stages of silica pre-
cipitation may not be the general case.

OBSERVED SILICA MIGRATION

In the diagenetic zone, common physical evidence of
silica migration is quartz overgrowths in sandstones and,
in some cases, quartz veins in shales and sandstones. In
many cases, fluid inclusions indicate that authigenic
quartz was precipitated at temperatures close to ambient
formation temperatures (Walderhaug, 1994; Rossi et al.,
2002).

Out-of-equilibrium fluid-inclusion temperatures
(greater than in situ temperatures) in veins, and quartz
overgrowths on detrital grains in sandstones, have been
documented in numerous studies (Figure 3). These
suggest that solution of silica at higher temperatures
and greater depths, with subsequent migration to
shallower depths and lower-temperature environments.
The silica in solution may be from clay-mineral
transformations, pressure solution of quartz grains in
sandstones, and/or feldspar alterations or some combina-
tion of these sources as described above. Movement of
fluid from greenschist-facies conditions (270°C) to the
diagenetic zone (160°C) was demonstrated by Harrison
et al. (2004). Aplin and Warren (1994, p. 849)
concluded, “The most '®0-rich waters of the North Sea
and Gulf Coast basins, and of quartz-precipitating
paleofluids can be explained by the recrystallization of
mudstone clay minerals and/or carbonate in a closed
system”. In the Gulf Coast, certain waters derived from
shales at 60—100°C+, are less saline than sea water and
typical Gulf of Mexico Basin formation waters. These
waters are supersaturated in silica and have §'%0 = +2 to
+9 suggesting they were released in the smectite-to-illite
reaction as clay-derived (diagenetic) basinal waters
(Szalkowski, 2000; Moran, 2003). Dehydration of clays
and other hydrous minerals is responsible for low-
salinity waters mixing with saline pore waters in
sediments of the Barbados accretionary complex
(Gieskes et al., 1990). Such waters, carrying dissolved
silica, apparently from the smectite-to-illite transforma-
tion, plus possibly, feldspar dissolution, migrate from
their deep basin sources to sandstones where quartz
cement is precipitated (Girard et al.,, 2002; Marchand et
al., 2002; Rossi et al, 2002; Hogg et al, 1995;
Wilkinson et al., 1992). Oxygen isotope ratios in fluid
inclusions in quartz cement and veins indicate 7>
ambient at 3—5 km burial depth in Simpson sandstone
in the Anadarko Basin (Figure 2); thus very hot fluids
from greater depths migrated into hot sediments at lesser
depths (Mitcheltree, 1997). In Frio Fm. sandstones, §'%0
in quartz cements suggests migration of cementing
waters from >1 km deeper in section with possible
‘recycling’ of waters by convection to explain the large
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volumes of water required to obtain large volumes of
quartz cement (Land er al., 1997). In a detailed
quantitative evaluation of the timing and temperature
of quartz cement precipitation in Khatatba Fm. sand-
stones on a structural high, Rossi et al. (2002) inferred
that hot waters (160°C) were migrated into sandstones at
ambient 95 to 130°C. They estimate that sufficient silica-
bearing water was supplied from the downdip basin for
the observed volume of quartz cement in the sandstones.
Typically, sandstones are completely cemented with
little remaining porosity in the late diagenetic zone.
Evidence of waters warmer than 200°C precipitating
quartz in the diagenetic zone is generally unknown; the
example of Harrison et al. (2004) is an exception.

In the anchizone and epizone, the illite to muscovite
transformation is effected with further release of silica.
Much of this mobilized silica apparently remains in
rocks of these zones as quartz veins in shales and
sandstones. Examples include the chlorite and biotite
zone metapelites of the Wepawaug Schist (Ague,
1994a,b), anchizone Ouachita shales (Sutton and Land,
1996), Paleozoic metapelites in chlorite and higher
zones (Vidale, 1974), Lower Paleozoic anchizone and
epizone shales (Richards et al., 2002) in the Cretaceous
Kodiak Fm. during anchizone-epizone conditions (Fisher
and Brantley, 1992), and in the greenschist-facies Otago
Schist (Smith and Yardley, 1999).

CONCLUSIONS

During deep burial of shales, smectites are trans-
formed to illite and, later, to muscovite in the
temperature range of 30—500°C. The smectite-to-illite
transformation yields 17—28 wt.% SiO, as a proportion
of the original smectite. The illite-to-muscovite trans-
formation yields a further 17-23 wt.% SiO, as a
proportion of the original illite. During these alterations,
~60—80% of the water originally contained in smectite
is released. The Si/Al in the clays and micas diminishes
with increasing alteration as does Si/Al in shales. This
indicates a loss of silica from shales rather than retention
in shales of silica liberated from clays. The burial
metamorphosed rocks are more aluminous and micac-
eous, and less quartzose than the muds from which they
originated.

In this open system, silica loss is ~1% of the gross
amount in shale for each 10°C increase in temperature.
Thus, for a shale containing 40—-50% smectite,
~2.0-2.5 wt.% SiO, is evolved over a 50°C temperature
range. About 4—9% silica is liberated by dissolution of
quartz silt in shales in the realm of diagenesis (to 200°C)
and a further 8—15% in the anchizone and epizone
(200—500°C). Dissolution and/or kaolinization of feld-
spars yields 40—45 wt.% silica, so this is a potential
source of more silica to migrate from shales, depending
on the original detrital feldspar content and the degree of
alteration.
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Figure 3. Fluid-inclusion homogenization temperatures for quartz overgrowths on detrital quartz grains and fracture fillings in
sandstones plotted against maximum burial temperatures at their sites of deposition. The shaded area is the field of fluid-inclusion
homogenization temperatures for quartz cements in many sandstones from Gluyas ez al. (1993). Many inclusion temperatures are far
greater than the ambient formation temperatures suggesting that the secondary quartz was transported in solution from a hotter
source. For sedimentary basins, this source is inferred to be basinal shales buried deeper and hotter downdip from the sandstones in
which the high-temperature cements were deposited. The apparent movement of silica in solution over vertical distances of 1 km or
more implies major mass transfer. Letters above lines representing temperature ranges are for data sources as follows: H= Harrison
et al. (2004), M = Mitcheltree (1997), P = Parnell et al. (2001), QH = Quinn and Haszeldine (2004), R = Rossi et al. (2002),
W = Wycherly ef al. (2003).
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For the common case in which shale volume exceeds
that of sandstone in sedimentary basins, mass balance
estimates indicate that ample silica is evolved from
clays/shales to provide the silica cement found in
sandstones in the diagenetic and late diagenetic zones.
In deep or central-basin settings, where shale exceeds
sandstone in abundance, the majority of liberated silica
is derived from shale. At least some of the free silica has
migrated from altering basinal shales (and pressure-
solved sandstones) into updip sandstones, as proven by
quartz overgrowths and fracture fillings (veins), with
precipitation temperatures greater than the maximum
burial temperatures of the sandstones. Quartz veins are
common in anchizone and epizone shales, having been
derived from the altering shales themselves.
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