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LOSSES OF RADIOGENIC *°Ar IN THE FINE-CLAY SIZE FRACTIONS
OF SEDIMENTS
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Abstract—The common observation that smaller particle-size fractions of sedimentary rocks yield
younger K-Ar apparent ages than the larger particle-size fractions of the same stratigraphic age was
analyzed with the aid of the 4°Ar/4°K ratio from 14 stratlgraphlcally and regionally different sections.
Estimation of the loss of radiogenic *°Ar from varied clay-rich size fractions was based on two models: a
relationship between particle size and the “°Ar/*°K ratio, and a theoretical diffusional loss from spherical
particles. The differences between the two models and reconciliation of their results are discussed. For the
smallest fractions (up to <0.5 pm), percent-wise losses of “°Ar from the spherical particles model increase
from Upper Carboniferous and Permian (38+£10%), to Late Triassic (47£10%), and to Miocene and Late
Neogene (65+8%). This trend suggests that escape of “°Ar from the smaller particles in older sediments
decreased or even stopped after deposition of the sedlmentary sections.

The large “°Ar losses derived from small “°Ar/*°K ratios in the younger Tertiary sediments, indicate that
addition of K to the small fractions is, at least 1n part, responsible for the young K-Ar apparent ages in
geologically different settings. In several 10°—10° m thick sections, authlgemc illite in the <0.1 to <2 pm
fractions yields young K-Ar apparent ages resulting from simultaneous *°Ar production and release during
clay authlgene51s In a productlon and loss model, a first-order escape-rate parameter () was estimated at
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from fine clay particles are discussed.

Key Words—*°Ar Loss, Age, Carboniferous, Clay Fraction, Diffusion,

Permian, Triassic.

INTRODUCTION

Concentration ratios of radiogenic “°Ar relative to its
parent “°K occurring in most Al-Si minerals have been
used in various ways in the interpretation of depositional
episodes and diagenetic histories of sedimentary
sequences. In closed systems where “°Ar forms by
radioactive decay of “°K and where neither of the two
nuclides escapes or is added, the “0Ar/4%K ratios allow
calculation of meaningful mineral ages. Whereas K-Ar
ages in igneous minerals agree well with those obtained
by other isotopic methods, K-Ar data from sedimentary
mineral fractions often differ from their stratigraphic age
because of an occurrence of heterogeneous detrital and
diagenetic minerals, involving dissolution of K-rich
silicates, precipitation of authigenic K-rich clays,
and/or escape of radiogenic “°Ar (Dalrymple and
Lanphere, 1969; Faure, 1986). Because of such differ-
ences in the stratigraphic age, the K-Ar results in
sediment fractions may be referred to either as “dates”
as suggested by Faure (1986), or as ‘apparent ages’.

Escape of Ar and/or addition of K reduce the
40Ar/*%K ratio and the computed K-Ar apparent age of
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1. depending on the K-Ar apparent age of the size fractions and the stratlgraphlc
age of the section. The 11m1tat10ns and uncertainties of the methods of evaluating diagenetic *

OAr losses

4K, Miocene, Neogene,

mineral fractions or sedimentary aggregates. In con-
tinental weathering, K-feldspars and micas are altered to
clay minerals with a concomitant loss of radiogenic *°Ar
(Clauer et al., 1982). Transformation of smectite to illite
in deep sediments is expected to be at the expense of K
present in the system (host sediment), probably released
from nearby altered coarse-grained minerals; neoforma-
tion of illite probably requires addition of K to the
system. In any case, transformation (solid-state mod-
ification) or neoformation (precipitation) of clay miner-
als, as well as related alteration and dissolution of K-
feldspar and mica, are also expected to induce an escape
of radiogenic “°Ar from the solid (e.g. Hower et al.,
1976).

K-Ar or “°Ar/*°Ar data of sediment minerals which
imply ages that are greater than the stratigraphic age
indicate that they already contained radiogenic *°Ar at
the time of deposition. Many studies dealing with this
aspect are available, involving either the K-Ar (e.g.
review in Clauer and Chaudhuri, 1995) or the “°Ar/*’Ar
method (Dong et al., 1995, 1997, 2000). The purpose of
this paper is not to preferentially select examples from
one of these methods, but rather to elaborate on available
analytical results from those studies in which the
40Ar/4%K ratio of detrital clay material can be followed
in several size fractions, through burial over hundreds of
meters. Alternatively, K-Ar data which give ages for size
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fractions which are younger than the stratigraphic age of
their host rocks indicate that processes other than a
simple loss of radiogenic “°Ar induced the age
difference, e.g. precipitation of new minerals after
deposition, which might have gained K and favored the
escape of radiogenic “°Ar from altered framework
minerals. In fact, the loss of radiogenic “°Ar from
sedimentary minerals includes: (1) diagenetic changes in
clastic sediments (Hower et al., 1976; Mitchell and
Taka, 1984; Weaver and Broekstra, 1984; Reuter, 1987;
Eberl, 1993); and (2) an increased mobility of Ar in
crystals when the geothermal gradient increases, at least
in the smaller fractions (Langley, 1978; Aronson and
Lee, 1986, Liewig et al., 1987; Hamilton et al., 1989;
Mossmann et al., 1992; Clauer et al., 1995, 2003; Folger
et al., 1995, 1998; Hall et al., 1997).

Again, among the K-Ar and “°Ar/*°Ar studies, the
focus is not on a preferential selection of one particular
method, but on those studies most suited to our
theoretical analysis. It might be recalled that the
“OAr°Ar method, despite a number of interesting
studies, is still not routinely applied to clay-sized
material. Even if evaluated by encapsulation, the loss
of 3°Ar due to recoil might introduce uncertainties in the
age calculations, and it has not yet been related to
structural changes in the mineral structures. On the other
hand, it has yet to be demonstrated that irradiation does
not disturb the “°Ar, even if many authors agree on this
point. Alternatively, the elaboration of a mathematical
model for *°Ar loss in fine clay material, with many
controlling factors which are not easy to identify or to
evaluate, is a challenging task. Therefore, it appears
appropriate to start with a method that provides the best
information for the model analysis, even if in this case
the K-Ar method may appear as an old, routine method.
Of course, calculation of the escaped “°Ar depends
directly on the way in which the K-Ar values and the
40A1/*%K ratios are determined. Analytical controls in
the selected studies ensure that the results used here
were well constrained.

Sediments in various settings, ranging from the late
Carboniferous to late Neogene, were selected because
they report “°Ar/*°K ratios and K-Ar results over
hundreds of meters in samples divided into size fractions
from <0.2 pm upwards. The decrease in the “°Ar/*°K
ratios of the small fractions is interpreted as size-related
4%Ar loss from progressively altered frame minerals, but
addition of K, especially in the smallest fractions
possibly enriched in authigenic material, was not
excluded. This addition is known to be, at least in part,
responsible for the younger K-Ar apparent ages and
lower “°Ar/*°K ratios. Authigenic illite and mixed-layer
illite-smectite (I-S) yield K-Ar apparent ages younger
than the stratigraphic age in some of these sedimentary
sections. To address this aspect, we present a model that
analyzes the **Ar/*°K ratios as a balance of production
and escape of radiogenic “°Ar.
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PARTICLE SIZE AND “°Ar CONTENT

Smaller *°Ar/*K ratios in the smaller size fractions
may give computed ages that are 10° to 10" Ma younger
than in the larger fractions of sedimentary samples
(Perry, 1974; Faure, 1986; Schaltegger et al., 1995;
Huon et al., 1993; Clauer et al., 1999; also Tables 1, 2).
Although it is possible that some of the smaller particles
are newly formed, the mineralogy and morphology of the
size fractions do not always clearly indicate whether the
small particles are younger or of the same age as the
large ones. Our view is that lower “°Ar/*°K ratios in the
smaller fractions result from “°Ar loss, probably due to a
shorter diffusion path than in the larger particles.
Computation of such losses by a number of investigators
was aimed at establishing timescales of heating events
due to burial, igneous intrusions, tectonic stresses, or
hot-fluid migrations that caused accelerated losses of
“OAr, thereby resetting the K-Ar clock (e.g. Turner,
1968; Dodson, 1973; Lovera, 1992). In this section, we
address the issue of “°Ar/*°K ratios and K-Ar apparent
ages of varied size fractions that, according to the
literature, have not been heated above 175°C since
deposition. As detailed in a later section, the diffusional
flux across particle boundaries depends on the surface
area, and the mass loss depends on the surface area to
volume ratio, both being functions of the particle shape
and size.

The studied sequences are of Upper Carboniferous
(Schaltegger et al., 1995), Permian (Zwingmann et al.,
1999), Upper Triassic (Huon et al., 1993), Miocene
(Perry, 1974), and Upper Neogene (Furlan et al., 1996)
stratigraphic ages. The K-Ar dates are reported on the
basis of the K content, the calculated “°K amount and the
concentration of radiogenic “°Ar corrected for any
atmospheric contamination (Tables 1, 2). The uncer-
tainty of the K-Ar values is 2—3% of the reported value.
For the eight stratigraphically different samples
(Table 1), the reported K-Ar dates were recalculated to
the “°Ar/*°K ratios (Table 2). From Table 2, the K-Ar
apparent age is older than the stratigraphic age for the
samples from late Neogene of Kalimantan, Miocene of
the Gulf Coast, and late Triassic of Morocco, whereas
the Permian of Germany and the Upper Carboniferous of
Switzerland yield K-Ar data younger than the strati-
graphic age. Although these relationships between the
K-Ar apparent and stratigraphic age suggest different
types for the fine and coarse fractions of the different
formations, we address the Ar loss in the finest fraction
relative to the larger. Different size fractions may
contain different proportions of K minerals, e.g. more
illite in the clay fraction and more K-feldspar in the
coarser fractions. Therefore, the different K concentra-
tions result in different concentrations of “°Ar produced
over time, and the “°Ar content in the different size
fractions must be normalized to the K content. The
40A1/*%K ratio gives “°Ar concentration per unit of *°K
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Table 1. “°Ar loss from the smallest size fraction relative to the larger size fraction as shown in Column C. R is the “°Ar/*°K
ratio in Table 2 for the size fractions used, a is particle radius (um). Loss in Column E is computed from equation 3. Detailed

data are given in Table 2.

A B C D E
Stratigraphic age Unit name, depth, Particle-size range Linear fit “OAr loss from
and reference other designation (diameter, pm) InR=4+blna apparent age (%)
Neogene, Mahakam, Misedor 183 m <0.2 to 20—40 A= -5209 41
Borneo, Furlan (1994) (Mahakam 1) b = 0.080
Miocene, Gulf Coast, 4417 m from <0.5 to 2—10 A = —4.340 50
USA (Gulf Coast 3) b =0.220
Perry (1974)
5523 m from <0.5 to 2—10 A = —4.704 49
(Gulf Coast 4) b=0.213
Upper Triassic, Sample T1 from <0.4 to 10—20 A= —-4.134 39
Morocco (Triassic 1 b = 0.081
Huon et al. (1993) Morocco)
Sample T2 from <0.4 to 10—20 4 = —4.086 33
(Triassic 2 b = 0.058
Morocco)
Permian (Rotliegende) 45943 m from <0.2 to 10—20 A = —4.459 15
North Germany Sample 4 b =0.029
Zwingmann (1995), (Permian 1
Zwingmann et al. (1999) Germany)
4657.7 m from <0.2 to 10—20 A = —4423 22
Sample 6 b = 0.043
(Permian 2
Germany)
U. Carboniferous (Stephanian), Sample 3544 from <0.2 to 2—6 = —4.381 26
North Switzerland 1775 m b =0.093
Schaltegger et al. (1995) (U. Carb. 1
Switzerland)

mass in the particle; it is not affected by the differences
in the K contents of the fractions where “°Ar loss began
at the same time. As radiogenic “°Ar and K amounts in
minerals are measured to determine the “°Ar/*°K ratios,
the K-Ar data of the varied fractions in a sequence
provide the necessary information on the “°Ar/*°K ratios
and normalized “°Ar contents.

The “°Ar/*°K ratio of each fraction is shown as a
function of the particle radius in three late Paleozoic,
two Mesozoic, and three Tertiary samples (Tables 1, 2;
Figure 1). The linear regressions of data from different
stratigraphic ages and locations are also given in the
form of:

InR=A+blna 1)

where R is the “°Ar/*°K ratio, a is the mean particle
radius in pum, b is the slope of the regression line, and 4
is a constant for each line. The plots show that the larger
fractions have greater “*Ar/*°K ratios with the magni-
tude of the change from smallest to biggest size given by
the steepness of the slope or the coefficient 5 in
equation 1. The *°Ar/*°K ratios in two fractions of any
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sediment, of mean radii a; and a,, are related by
equation 1 as:

In RI/RZ =bln al/az (2)

where subscript 1 denotes the smallest and subscript 2 a
larger fraction. The fraction of “°Ar that escaped from
the smaller size fraction relative to the larger one is
approximated by using equation 2:

f= 1 - Rl/Rz
=1- (al/az)b (3)

For the data in Table 1, the mean radius of the
smallest fraction varies from 0.05 (<0.2 um fraction) to
0.125 pm (<0.5 pm fraction). The larger fractions vary
even more from one section to another: in the Upper
Carboniferous the largest fraction is 2—6 pm giving a
mean radius @ =2 um, in the Neogene of the Gulf Coast,
the largest size fraction is 2—10 pm giving a mean
radius of a = 3 um. Because of these differences, the
larger size fractions were taken at 10—20 to 20—40 pum
to make the range of sizes close to the narrow size
distributions. Calculation of the amount of *°Ar lost
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Figure 1. Plot of In “°Ar/*°K ratio vs. mean particle size, In a
(particle radius, a, in pm) for sediments of different ages and
geological settings. The data are from Table 2 and the slopes of
linear regression lines are from Table 1. Error bars are £3% of
the *°Ar/*°K ratio or £0.03 of its In value. Note the difference in
the vertical scales of parts a and b.

from equation 3 is based on the ratios R; and R, for each
fraction. The values of the fractional losses calculated
from equation 3 depend on the available data for the
large particle size, a,. For a, values near or above the
upper end of the size range, the linear regression
equation increases the fraction of lost “°Ar, f.

The differences between the samples of varied ages
and locations result from the scatter of the data points,
the varied size intervals used by the investigators, and
the differences in the slopes of the linear regressions
(Figure 1). As a whole, the smallest fractions of the
Upper Carboniferous and Permian samples are charac-
terized by the smallest loss (15—26%) relative to the
larger 10—20 pm size fractions. The <0.4 um size
fraction of the Upper Triassic sequence shows a some-
what greater loss (33—39%), followed by the Miocene
sequence of the Gulf Coast where the estimated loss is
~50% for fractions in a narrow range from <0.5 to
2—10 pm. The results of the *°Ar losses in the finest
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fractions of each sample (Table 1) should be interpreted
relative to variably larger fractions. A different estimate
of the losses is discussed in the next section.

“°Ar RELEASE FROM SPHERICAL PARTICLES

A simplified model

Different models of Ar loss by diffusion from
minerals and size fractions of varied shapes are already
available (Turner, 1968; Dodson, 1973; Huon et al.,
1993; Clauer et al., 2003). Different shapes, such as
spheres, plane sheets and infinite circular cylinders were
used in the models. Models of slabs or plane sheets are
mathematically much more convenient and easier to use
than models of cubes or parallelepipeds, and the same
may be said for models of infinitely long cylinders as
opposed to cylinders of finite length and volume. In a
sphere, diffusion occurs across the whole surface,
whereas it is across the two parallel surfaces in a plane
sheet and across the cylindrical surface in an infinite
circular cylinder. For particles that are big flakes or long
cylinders, such models might be reasonable approxima-
tions. However, for particles which are nearly equi-
dimensional (shapes approximating a cube or a cylinder
of height equal to base diameter), a plane sheet or an
infinitely long cylinder may introduce considerable
distortion. A model of a plane sheet applied to cube-
shaped millimeter-sized mica flakes allows only 1/3 of
the particle surface for diffusion across it. In a cylinder
of height equal to width, the model allows only 2/3 of
total surface for transport across it. It should be borne in
mind that the smaller the particles (in the micrometer
scale), the better a spherical shape may explain the
relative Ar loss.

In the study of “OAr diffusion from minerals, as
developed by Dodson (1973) and used by others, the
following conditions apply: an initially uniform and
constant “°Ar concentration in the solid (at ¢ = 0), and a
zero concentration at the particle surface at time ¢ > 0.
This boundary condition means that “°Ar leaving the
particle migrates into a space where its concentration is
negligibly low at all times relative to its concentration in
the particle. For a spherical particle of radius a,
fractional loss f; becomes (Carslaw and Jaeger, 1959,
pp- 234-235, 1V, (8); Crank, 1967; Dodson, 1973):

o 2,2 2
7= 1_62exp(—};21;2Dt/a ) @)
n=1

The fraction of “°Ar escaping from a spherical
particle depends on its size (radius a), the diffusion
coefficient of “°Ar in the particle (D, considered
constant in the spherical particle), and the duration of
the escape process (time #). Continuous production of
radiogenic “°Ar is not considered here or in models for
other particle shapes. The fraction escaped, f;, is
particle-shape dependent: for the sphere and cube, the
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difference in the computed fraction at a given value of
the dimensionless group parameter Dt/a” is ~3% or less;
it is 15% or less at the same value of D#/a?, for an
infinite circular cylinder. However, the computed frac-
tion lost may be up to 40% smaller in a slab or plane
sheet than in a sphere (McDougall and Harrison, 1999).
Contrary to laboratory experiments of diffusional loss
for which initial concentration of “°Ar in the particles,
particle size and duration are known, application of
equation 4 to heterogeneous aggregates of sediment
particles of different stratigraphic ages and with
geological histories which are not always well known
cannot provide more than a rough estimate of *°Ar lost
from size fractions. We make such estimates for the 14
sequences of varied stratigraphic ages (Table 2).

For spherical particles, the fraction of “°Ar remaining
in the particles is from equation 4:

6 < nznth/az/ 2
-/ = —22 no=

0.61 ie—nznth/az /}12

n=1

As an approximation, considering only the first
exponential term in equation 5, gives a simpler form of
the equation:

2
(- /) = o - 22° 6)
T a

This approximation is valid for sufficiently large
values of the parameter m’Dt/a® in equation 5. In
general, the molecular diffusion coefficients of Ar and
other noble gases in sheet silicates, especially in clays,
are only poorly known at temperatures below 250°C.
Also not well known is the duration of “°Ar loss from
sediment particles that may be either close to the
depositional age or much younger. The parameter
n2Dt/a® is sufficiently large for values of D >
5107 cm?s7!, + = 107y, and particle size a <
1 um. Ar diffusion coefficients in silicates reported in
the literature vary by several orders of magnitude (data
compiled by Moffatt, 1969, cited by McDougall and
Harrison, 1999; Lerman, 1979; Freer, 1981; Wijbrans
and McDougall, 1986), and extrapolation of high-
temperature results to lower ones is rather uncertain
(Freer, 1981).

The uncertainties in the mineral composition and
origin of the size fractions discussed in the preceding
section also apply to the sediments discussed here. Using
the notation for the normalized *°Ar concentration or the
40Ar/4%K ratio, denoted R = “°Ar/*°K in equation 1, the
fraction of “°Ar remaining in a particle is:

R

=% ™
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here R, is the unknown initial concentration. Using
equation 7 in equation 6, the latter becomes:

6k,

n__
TC a

Dt
. )

InR =

The preceding relationship can be plotted as In R, the
logarithm of the *°Ar/*°K ratio, vs. 1/a%, the reciprocal
of the squared particle radius. The plot is a straight line
with a slope equal to —Dn’t.

Evaluation of *°Ar data for small particles

Figure 2 shows from equation 8 a number of sample
plots of In R vs. 1/a® for the small fractions of ¢ < 2 pm
and, correspondingly, 1/a* in the range 0.25 < 1/a*> <
400. The straight line for each sample represented by
three or more data points is the linear best fit to the data
plotted in equation 8. Figure 2 addresses only the smaller
fractions of @ < 2 pm as the larger fractions are relatively
very scattered, because they may consist of aggregates of
smaller ones and because they are more likely to contain
detrital K-feldspar and mica of older ages. The vertical
error bars represent £3% of the K-Ar apparent ages or of
the ratio R = “°Ar/*°K, corresponding to +0.03 of In R.
The linear correlation coefficient for each plot is given in
Table 2. A steep slope of the “°Ar/*’K ratio vs. particle
size suggests a stronger decrease in “Ar with decreasing
particle size. A flatter slope suggests a weaker relation-
ship between “’Ar loss and size.

From the slopes of the In R vs. 1/a” plots (Table 2,
column I, and Figure 2), it is possible to compute the
49Ar fraction escaped by use of equations 6 and 8:

_ 1__2 —nDTtl/a/ 2

) 2
1—0.612 exp (—n XZSlope/a )
n=1 n

The computed values of f; (Table 2) for all the
sediment suites, are shown for a number of representa-
tive samples with sizes mostly a < 2 um (Figure 3). The
older Upper Carboniferous and Permian sediments show
smaller “°Ar losses from fine fractions with a mean of
~38% (range 29—48%), than the younger late Triassic
sediments of Morocco and Switzerland in which the loss
averages 48% (range 36—57%). The smaller fractional
losses in the older sediments may reflect a stop of the
4Ar escape at some time allowing for some buildup
since then. Although a loss of 40—65% of “°Ar
corresponds to the initial “°Ar/*°K ratios being greater
than the measured values (Table 2, column E) by a
factor of 1.7 to 2.9, it does not necessarily mean that the
true ages of the smallest particles are greater by the same
factor than their K-Ar apparent ages (Table 2,
column D). The major reason for not assigning a
correspondingly greater age to the smallest fractions is
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that the lost “°Ar in the range 60—73% in the late
Neogene of Kalimantan and in the Miocene of the Gulf
Coast confirms that K was not only conserved in the fine
fractions, but added to it after deposition, thereby
reducing the “°Ar/*°K ratio and the K-Ar apparent age.
In fact, apparent high fractional losses of “°Ar computed
from the model appear to be an indirect indication of K
addition during diagenesis.

APPARENT AGE IN RELATION TO
STRATIGRAPHIC AGE

Newly formed K-rich clays were identified in all
smaller fractions of the Permian, Mesozoic and Tertiary
sediments (Table 3). Besides morphological evidence,
these small fractions have K-Ar apparent ages which are
younger than the stratigraphic age of the sections, and
their “°Ar/*°K ratios show little or no trend, varying
about a mean value in up to 1500 m thick units. In the
case of the North Sea section with clay K-Ar apparent

a
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ages younger than the stratigraphic age (Figure 4), the
K-Ar values of the smaller fractions probably indicate
mineral neoformation with some escape of radiogenic
4OAr. The duration of the “°Ar production and escape
lasted over a period of time that should not be greater
than the stratigraphic age and not less than the K-Ar
apparent age. The scatter of the K-Ar data (Table 3 and
Figure 4) is attributable to varying proportions of illite
and I-S in the fine fractions, the occurrence of partly
altered K silicates in the coarser fractions, and the
occurrence of detrital mica with K-Ar apparent ages
from much older Paleozoic sources (Glasmann et al.,
1989). In fact, the range of the *CAr/*°K ratios is
generally greater than the change expected in a closed
system over a period of 107 to 10% y: an increase in the
40A1/*°K ratio with no radiogenic *°Ar present initially
would be 6 x 107 to 6 x 1073, which is smaller than the
range of £107" in the data (Table 3).

The Permian sandstones of northern Germany taken
between 4595 and 4855 m contain authigenic illite
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Figure 2. Plots of the logarithm of the “°Ar/*°K ratio (In R) vs. particle size (1/a®) for sizes a < 2 um. In the best-fit equations: y is In
R, x is 1/a®. Solid lines and equations are best fit to the particle sizes shown (particle radius a < 2 pm). Data in Table 2, equation 8.
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Figure 3. Fractional loss of “?Ar as a function of particle size for sediments of different ages and geological settings. Data in Table 2,

column K, and equation 9.

which is filling secondary porosity with in situ
temperatures of 150°C at 5000 m (Liewig and Clauer,
2000). These illite infillings occur as coatings on
authigenic quartz and as radial growths in the pore
space of the rocks. For a stratigraphic age interval of
260—290 Ma, the 184—204 Ma K-Ar ages of <2 um
illite reflect either one continuous or two distinct
episodes of nucleation and growth. The Huldra field in
the North Sea (Table 3, Figure 4) extends from 2500 to
4200 m in Mesozoic sediments (from 80 to >160 Ma) at
a temperature range of 90—160°C. The <0.1 um fraction
consists of >90% of I-S mixed with illite, chlorite and

Huldra Field

kaolinite, and it yields K-Ar apparent ages of ~78 Ma.
Glasmann et al. (1989) also estimated a detrital
contribution from older particles to this <0.1 pum fraction
and arrived at a somewhat younger ‘corrected illite age’
of 55—70 Ma. In the well known study of clay
diagenesis in the Gulf Coast sediments, Aronson and
Hower (1976) described authigenic I-S between 3700
and 5500 m at temperatures of 95—175°C. The Miocene-
Oligocene boundary of the section is at 2200 m, between
25 and 22.9 Ma (Aronson and Hower, 1976; Harland et
al., 1990; Shackleton et al., 2000; Wilson et al., 2002).
The approximate stratigraphic age of the deeper

Mahakam Basin
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Figure 4. (a) Plot of K-Ar apparent ages, younger than the stratigraphic age, as a function of sediment depth at Huldra Field, Bergen
High Area, North Sea (Table 3; from Glasmann et al., 1989). (b) Plot of K-Ar apparent ages, older than the stratigraphic age, in the

<0.4 pm fraction of the shales in the Mahakam Delta Basin, Born.
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Table 3. “°Ar/*°K ages in sediment sections that are nearly constant with depth, the range of variation shown as the plus or
minus age. The “°Ar/*°K atomic ratios are computed from the radiogenic ages cited using equation 10. Next to the value of &
the assumed starting time of the process is shown in parenthesis.

Location Sediment Stratigraphic “°Ar/*°K  “°Ar/*°K  Mineralogy and Reference  “°Ar escape-rate
depth (m) age (10° y) age ratio comments parameter
(10°y)  (x1073) e (107 %y
Soehlingen, 4595—-4645  Permian 184+7 11.2 + 0.4 Fraction Liewig and  0.33 (275 My)
N. Germany (Rotliegendes, 0—2 pm, illite, Clauer
260—290 My) samples 1, 2a (2000)
4645—-4855 same 204+6 12.6 + 0.4  Fraction same 0.23 (275 My)
0—2 pm, illite,
samples 2b, 3a
North Sea, 2550—4200  Cretaceous 78+4  4.62 + 0.23 Shale illite, Glasmann 0.53 (100 My)
Bergen High and older <0.1 pm et al. (1989) 0.80 (120 My)
area (80—>160 My) size fraction 1.06 (160 My)
Huldra Field
same same same 55 to 70 —_— ‘Corrected same —_—
illite age’
Gulf Coast, 3700—5500 Upper 1842  1.08 £ 0.1 Illite-smectite, Aronson and 2.6 (25 My)
USA Oligocene <0.1 pm size Hower (1976) 3.8 (32 My)
(30—34 My, fraction
Miocene—
Oligocene
boundary at
2200 m,
23—-25 My)
Mahakam 180—2000 Pleistocene (?) 95+5 57 +£03  Shales, 2—20 um Furlan (1994), e
Delta Basin, to Middle size fraction Furlan et al.
Handil Field, Miocene) (1996)
Eastern Borneo (18 My at
4000 m
same (wells 1600—2500 same 5546 32 + 0.3 Shales, <04 um  Clauer et al. —
HDI, HR1, size fraction (1999)
HRbis KB1)

3700—5500 m section is 30 to 34 Ma. The minerals of
the <0.1 um fraction have a mean K-Ar apparent age of
18 Ma (Table 3). It was shown to contain added K,
although the authors stated that “it is also possible that
some degassing of radiogenic argon has occurred from
the finest fraction of the deepest shale™.

As contrasted with the three sections that show the
small-size authigenic fraction younger than the strati-
graphic age, the shale unit at 4000 m depth in the late
Neogene of Kalimantan provides K-Ar apparent ages
greater than the stratigraphic age with values of ~55 Ma
in the <0.4 um fraction (Figure 4) and values of ~95 Ma
in the 2—20 pm fraction. The <0.4 pm fraction consists
of variable proportions of I-S, illite, chlorite and
kaolinite, whereas the coarse fraction comprises quartz,
micas and minute amounts of plagioclase and
K-feldspar. The sequence is characterized by sedimenta-
tion of material that originated in the mountains built
around the basin 90—100 Ma ago (Furlan et al., 1996). A
reference stratigraphic marker of ~18 Ma was identified
at a depth of ~4000 m (Priyomarsono, 1985). The
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temperature is 60—80°C between 1100 and 2000 m.
The coarser 2—20 pm fraction has a *®Ar/*’K ratio close
to that of the source terrain (Table 3). The heteroge-
neous nature of the <0.4 pm fraction is further
confirmed by identification using scanning electron
microscopy of authigenic platelets on larger detrital
particles (Clauer et al., 1999). A study of fundamental
particles separated from I-S of sandstones buried at
4000 m estimated the K-Ar apparent age of the
authigenic platelets at ~14 Ma, again younger than the
stratigraphic age (Clauer et al., 2004). In the next section
we address the younger K-Ar apparent ages of the
authigenic small fractions as a combination of produc-
tion and escape of radiogenic “’Ar.

PRODUCTION AND ESCAPE OF “°Ar

Closed system

In a closed system that initially contains no radio-
genic *°Ar, decay of “°K to *°Ar results in the “°Ar/*°K
atomic or mass ratio increasing with time according to
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the following relationship (e.g. Faure, 1986):

VAT Ao, gy
0K T(e -1
where A, = 0.581 x 107'% y~! is the decay rate constant
of “°K to *°Ar (e.g. Steiger and Jager, 1977), and ¢ is the
time that starts with “°K decay and *°Ar accumulation in
the closed system. Time ¢ can be computed from the
measured “°Ar/*°K ratio. If the system initially contains
%Ar, then equation 10 becomes:

40 px _{ka_,'_mAroJeM_&

40 - T 40KO P

(10)

(11)

40

= {0.1048 + iro Je“ ~0.1048

40
0

where subscript 0 denotes the initial concentrations of
“Ar and “°K in the particles. Initial (*°Ar/*°K), ratios
that develop prior to deposition in particles of ages 107
to 10® y, as closed systems, are of orders of magnitude
0.001 to 0.01. Although these are smaller than the term
Aa/A = 0.105, they are often ignored because they are not
always known. The “CAr/*°K ratio increases with an
increasing age, where a change of a few percent in the
ratio corresponds to a similar percent-wise change in the
computed age.

Open system

In an open system, “°Ar is produced by decay of “°K
and its loss may be considered as a fractional rate €
(y™"), where the balance between production, Q, and
loss is:

d(*Ar)

_n_c4%
7 =Q—¢"Ar

(12)

where the production rate of radiogenic *°Ar, Q, is equal
to an exponentially decreasing decay rate of “°K to *°Ar:

0 = 1" "Koe ™ (13)

The units of production and loss rates are, for
example, in mol “°Ar g™' of sediment per unit of time.
4K, is the initial concentration. From the production
rate term given in equation 13, the relative rate of
change in the production rate is:

dldntQ = —A=-5543 x 10710 y~!

(14)

At a timescale of 107 y, the “°Ar production rate
decreases by ~0.5% and the “°K concentration decreases
by the same amount. Because the decrease in the
production rate is small at such time scales, it may be
considered approximately constant. Substitution of
equation 13 in equation 12 and integration of equa-
tion 12 gives the **Ar/*°K ratio that changes with time
according to the following relationship:
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where the initially present radiogenic *°Ar is represented
by the term (*°Ar/*°K),. The initial ratio may be either
greater or less than the measured one depending on the
production and escape rates. A mineral fraction may
initially contain “°Ar trapped during formation, or
resulting from admixture of older detrital particles.
Although such cases are, in principle, represented by
equation 15 where production and loss occur simulta-
neously, it is not always possible to determine the initial
“%Ar concentration in a size fraction, leading us to
consider the finest fraction as newly formed and initially
free of radiogenic “°Ar. With no initial radiogenic *°Ar
and no escape from the system (¢ = 0), equation 15
becomes identical to the closed-system case as given in
equation 10. With no initial *°Ar, equation 15 can be
written as:

40Ar M

og ~eonl ¢

(16)

An “°Ar escape rate greater than the decay rate of “°K
corresponds to the condition of & > A, making it
theoretically possible to attain a steady state as ¢
increases indefinitely. Parenthetically, it may be noted
that in a closed system, as represented by equations 10
and 11, no steady state can be attained except in a
mathematical sense of no production of “°Ar after an
infinitely long time. A steady-state value of the “°Ar/*°K
ratio in equation 16 is:

4O0Ar _h
WK T g—2
The physical significance of a constant “°Ar/*°K ratio
in equation 17 is that both the *°Ar and “°K concentra-
tions decrease with time in the sediment and *°Ar is lost
at a rate greater than the decay rate of its parent “°K, of
which only a fraction produces “°Ar. The “°Ar escape-
rate parameter €, in equations 12 and 16, is constrained
at the lower bound by &€ = A and at the upper bound by
the steady-state “°Ar/*°K ratio. If € is close to A, so that
the difference (¢ — A) ~ 0, then the “°Ar/*°K ratio
becomes a linear function of time in equation 16:
4°Ar
W = )\.at (1 8)

As the difference (¢ — A) tends to 0, the numerator
and denominator in equation 16 tend to a ratio of 0/0;
the result in equation 18 is obtained by differentiating
the numerator and denominator in equation 16 with
respect to (¢ — A) and taking the limit of (¢ — A) — 0. In
Figure 5 are shown curves for an increase in the
4A1/*%K ratio in a closed system and in an open system

(17)
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Figure 5. *°Ar/*°K atomic ratios as a function of time in: (1) a
closed system, equation 10; (2) production and escape model,
equation 16, *°Ar escape-rate parameter, ¢, is the mean value of
the two Permian estimates (Table 3); (3) escape-rate parameter,
€, is the mean of the two higher values estimated for the
Mesozoic section of the North Sea (Table 3). Note that a higher
value of escape rate, €, makes the apparent age younger and the
system approach a steady state faster.

with production and escape as a function of time. For a
closed system, the curves show true ages, whereas for an
open system, one escape rate parameter is the mean of
the values for the Permian (¢ = 2.8 x 10~ y_l) and the
other is for the Mesozoic authigenic illite and I-S
fractions (¢ = 9.3 x 1072 y7).

ESTIMATION OF “°Ar ESCAPE RATE
PARAMETER, €

As the small-size authigenic particles are less likely
to contain inherited “°Ar, we shall first discuss their
diagenesis in terms of equation 16 where newly formed
particles lose “°Ar after formation. In this model, the
duration of the “°Ar production and escape takes place
over a period of time not greater than the stratigraphic
age and not less than the K-Ar apparent age.
Relationship 16 has two unknowns: the time since the
particles formed, #, and the rate of 4OAr escape, &,
resulting in the observed “°Ar/*°K ratios. Thus, in the
case of a non-steady state, equation 16 can give only
values of the escape-rate parameter, €, that depend on a
reasonable choice of ¢.

To obtain estimates of the escape rate for the Permian
section (Table 3), we assume that the process started at
275 Ma, the midpoint of the stratigraphic time interval.
Then it follows from equation 16, that the <2 pm
fraction of K-Ar apparent age 184 Ma is characterized
by an escape rate £ = 3.3 x 10~° y~. For the 204 Ma-old
fraction, the escape rate is € = 2.3 x 107° y_l. If the
starting time is considered to be the same, a faster escape
rate is needed to attain a smaller “°Ar/*°K ratio
corresponding to a younger K-Ar apparent age of
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184 Ma. For the neoformed I-S in the North Sea section
of K-Ar apparent age of 78 Ma, a choice of the starting
time between 100 and 160 Ma gives an “’Ar escape rate,
g, ranging from 5.3x107° to 10.6x10~° y~'. For a
given K-Ar apparent age, the relationship between ¢ and
€ stems from equation 16, where € appears in both the
exponential term and the denominator of the first term.
In the production and escape model, a lower limit of € is
e = A = 0.5543x107° y~'. At this value of &,
equation 18 gives approximately the K-Ar apparent
ages of the authigenic minerals (Table 3). In the
Tertiary Gulf Coast sediments (Table 3), it is not certain
which part of the <0.1 um fraction was newly formed by
addition of K, insofar as it yields an age of 35 Ma
comparable to the stratigraphic age (Aronson and
Hower, 1976). Strictly speaking, this uncertainty makes
questionable an application of the *°Ar production and
escape model to the finest fraction of this example. If the
formation of the authigenic phase started between 25 and
32 Ma ago, the “Ar escape-rate parameter from
equation 16 is € =25x 107" to 38 x 10~ y~ .

It is important to state here that the nearly constant
40Ar/*°K ratios in the Permian, Mesozoic and Tertiary
sections (Figure 4) cannot result from a steady state. If
the “°Ar/*’K ratios from 0.0126 to 0.00462 (Table 3)
were interpreted as steady-state ratios, the escape-rate
parameter, €, of equation 17, would be 5.2 x 107 to
13%x 10™° y~! instead of 2.3 x 10~ and 5.2 x 10~°. For a
steady state to be nearly attained, the exponential term
on the right-hand side of equation 16 should be less than
unity, at e> & 0.05. With a steady-state & value of
~0.013 per Ma for the Mesozoic North Sea section, the
condition for the power exponent in equation 16 to be
(e — M)t = 3 would be attained after 245 Ma, which is
somewhat greater than the stratigraphic age of the
section. For the Permian section, the time to steady
state, as measured by the value of ¢ in (¢ — A) t=3 would
be reached after 645 to 580 Ma, which is far greater than
the stratigraphic age.

For the Neogene sequence of Kalimantan (Table 3),
the K-Ar apparent age of the heterogeneous <0.4 um
fraction is greater than the depositional age. As it
contains inherited minerals with *°Ar/*°K ratios of the
coarser fraction, the post-depositional *°Ar loss amounts
to 38+2%. However, if the recently identified smaller
fundamental particles of K-Ar apparent age equal to
14 Ma are taken in terms of “°Ar production with escape
starting 17 Ma ago, then the “°Ar escape-rate parameter
ise=72x10"°y L

CONCLUSIONS

Preferential loss of “°Ar from small particles of sub-
micrometer size, relative to the bigger particles occur-
ring in the same sedimentary units, has been described
by many investigators since the 1960s. We quantify
some published K-Ar results in terms of fractional losses
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of “°Ar from the small-size fractions (<0.2 to <0.5 pm
particle diameter) relative to the larger (up to
20—40 pm). As a whole, the smallest fractions of the
Paleozoic samples are characterized by the smallest
relative losses of 15—26% relative to the larger 10—20 to
2—6 um fractions. The <0.4 pm fractions of the
Mesozoic section show a somewhat greater loss of
33-39%, followed by the Tertiary section where the
estimated loss is ~50% for fractions in a size range from
<0.5 to 2—10 um.

Estimation of “°Ar loss based on a model of
diffusional loss from spherical particles gives higher
values of *®Ar fractions lost from the smallest particles
but it preserves the trend of relatively smaller losses of
38+10% in Paleozoic sediments, greater losses of
48+9%, in the Lower Mesozoic, and the highest losses
of 65+8% in the Tertiary and Neogene. The main
uncertainties behind the discrepancies between the
estimates are, at least in part, due to the nature of the
data: (1) uneven size classes reported in the different
sets of analyses; (2) heterogeneity of the smaller
fractions that may contain detrital contaminants of
older age together with varied proportions of different
clays; (3) aggregation of smaller particles into bigger
particles or, conversely, fracturing of bigger particles;
and (4) a general lack of knowledge of the pre-
diagenetic state of the sediment particles. Other uncer-
tainties are attributable to simplifications and approx-
imations in the mathematical models that were
introduced in dealing with the limitations of the
available data. The high values of “°Ar fractions lost
from the small fractions of the Neogene in Kalimantan
and of the Miocene-Oligocene in the Gulf Coast confirm
that reducing the K-Ar apparent age and the “°Ar/*°K
ratios is due to addition of “°K on top of the loss of *Ar,
to and from different mineral constituents of the fine
fraction.

Sedimentary sections from a few hundreds to
>1500 m thick, where authigenic K-bearing clays
(mixed-layer illite-smectite and illite) show no systema-
tic trends in K-Ar apparent ages and “°Ar/*°K ratios,
varying about a mean value, occur in the Permian of
North Germany, the Mesozoic of the North Sea, and the
Tertiary of the Gulf Coast. The K-Ar apparent ages of
the authigenic minerals in the small fractions are
younger than the stratigraphic age, so that the “°Ar/*°K
ratios in these sections are interpreted as due to a
balance between “°Ar production and loss by a first-
order escape flux. Computed values of the escape-rate
parameter, €, range from 02x107% to 4x107% y~!
depending on their K-Ar apparent ages and the length of
time since the start of the formation of the authigenic
fractions. In a system with “°Ar production and escape, a
steady state of the *CAr/*’K ratio is, in principle,
attainable, but the length of time needed to attain it is
too great for the stratigraphic ages of the studied
sections.
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In summary, the proposed model for radiogenic “°Ar
loss in fine-clay sized sediments is at a preliminary stage
as more controlling factors still need to be included in
the calculation, especially the aspects of combined
accumulation and loss of radiogenic “°Ar in the smallest
authigenic-enriched size fractions. However, two aspects
might be raised at this juncture: (1) on the basis of the
varied types of rocks considered, in basins with varied
evolutionary pathways, the model results can certainly
be used for other sequences deposited in similar
conditions; and (2) the consistency of the estimates
underline the reliability of the K-Ar analytical data made
previously on clay material, on the basis of a routine
elaborated and presented elsewhere.
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