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ABSTRACT 

We report Rb-Sr, Sm-Nd and mineralogical data for leached whole rock, < 2 btm and < 0.1 #m clay size fractions of 
lower- to mid-Tertiary shales spanning the smectite/illite transition, from a single deep well in the Texas Gulf Coast. The 
abrupt transition at 2400 m, from smectite- to illite-dominated assemblages is accompanied by a marked increase in 87Sr/S6Sr 
from 0.708 to 0.711 in exchangeable sites. Leached authigenic illite from the < 0.1 /~m fraction, sampled from below the 
smectite/illite transition, defines a Rb-Sr isochron age of 34.8 _+ 2.0 Ma. These data are consistent with a single episode of 
authigenic illite precipitation over a depth range of > 1200 m, independent of the duration of burial. The exchangeable Sr in 
the clay has remained an open system and has undergone isotopic exchange since that time. Minimum fluid/rock ratios of 0.2 
to 2 are modeled from Sr isotopic data, consistent with rock-dominated, open system diagenesis. Leachates and residues of the 
< 0.1/zm fraction, below the smectite/illite transition appear to have achieved Nd isotopic equilibrium during clay diagenesis, 
and show no signs of subsequent exchange. The clay residues have low 147Sm/144Nd ( < 0.085), indicating that authigenic illite 
has a lower S m / N d  ratio than its bulk rock protolith. Conversely the coexisting exchangeable REE inventory has elevated 
Sm/Nd,  as reflected by leachate 14VSm/144Nd as high as 0.188. This S m / N d  fractionation, in conjunction with the preserved 
isotopic equilibrium may be useful for dating diagenesis and associated fluid-rock interaction in older rocks. 

1. Introduction 

Diagenesis and low grade metamorphism of 
argillaceous sediments are commonly thought to 
be gradual processes related to depth and longev- 
ity of burial. The Gulf Coast sedimentary succes- 
sion has long been considered to be a type se- 
quence in this context, as described by Hower et 
al. [1]. Recently, this view of clay diagenesis has 
been challenged by Morton [2] who pointed out 
the discontinuous character of diagenesis. In fact, 
Oliver [3] argued that a wide range of low-temper- 
ature processes inclusive of clay diagehesis may be 
episodic in nature and the result of tectonically 
controlled fluid flow. In order to understand com- 
plex diagenetic systems in both time and space, it 
is critical to find ways of dating fluids and the 
products of their interaction with the crust. Dis- 
solution of smectite-rich precursor clay and pre- 
cipitation of authigenic illite are instrumental in 
diagenesis [4] and may allow the establishment of 
isotopic equilibrium with the coexisting pore fluid. 

In this study the viability of Rb-Sr and Sm-Nd 
dating of clay diagenesis is explored, as the 
evaluation of models of diagenesis depends on the 
ability to constrain the timing and mass transfer 
history of the mineral transformations involved. 

2. The smectite / illite transition 

Numerous workers have evaluated the depth-re- 
lated mineralogical changes that occur during di- 
agenesis of Gulf  Coast argillaceous sediments (e.g. 
[1,5-8]). The most prominent change in clay 
mineral assemblages has been summarized as [1]: 

smectite + AI3++ K += illite + Si4++ H 2 0  

More complete versions of this reaction have 
also been suggested [9]. Mixed-layer illite/smec- 
tite (hereafter simply called authigenic illite) for- 
ming as a reaction product of smectite has up to 
50% of interlayer cation sites vacant, develops as 
the 1M d polytype and occurs as small crystallites 
having a high density of dislocations [10]. Illite is 
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metastable [11] and, with increasing grade, changes 
in composition toward that of muscovite, in a 
process likened by some to an Ostwald step rule 
process [4] or Ostwald ripening [12,13]. 

The nature of the smectite to illite transition 
has been documented in many areas (e.g. [1,8,14- 
17]). An observation common to all studies is the 
lack of a progressive increase of%illite in 
illite/smectite mixed-layer clay ( I /S  clay) as a 
function of burial depth. Instead, smectite-rich 
I / S  clay is replaced by illitic I / S  clay (I < 90%) 
over a narrow depth interval. The transition has 
traditionally been viewed as an equilibrium-con- 
trolled process of continuous clay growth that is 
governed by local parameters such as thermal 
gradient and availability of potassium [1,18]. In 
contrast, Morton [2,19] suggested that punctuated 
interaction of smectite with pore fluids results in 
episodic precipitation of authigenic illite over a 
large depth or regional range. The discontinuous 
mineralogical gradient was interpreted as a kinetic 
effect with the reaction rate being greatest at high 
temperatures. 

3. Dating clay diagenesis 

The proposed models of clay diagenesis are 
fundamentally distinct as they imply different time 
scales over which diagenetic reactions proceed, 
namely protracted clay growth with progressive 
burial versus episodic growth over a large depth 
range. Both the Rb-Sr and K-Ar isotopic dating 
techniques are frequently employed to evaluate 
the appropriateness of these models (e.g. [2,19- 
26]). Most radiogenic isotope studies of low-grade 
petites have revealed younger Rb-Sr and K-Ar 
ages in finer grain size fractions. The problem of 
discordant ages related to Ar and Sr inherited 
from detrital contamination in coarse size frac- 
tions was recognized early on [27,28]. However, 
even for pure authigenic separates, the presence 
and variable proportions of multiple generations 
of authigenic clay and micas can present ad- 
ditional uncertainties and this is a particular prob- 
lem for evaluating protracted clay growth or pro- 
gressive recrystallization of phyllosilicates in a 
prograde environment. Alternatively, the generally 
younger ages of fine-grained clay and mica may 
relate to incomplete retentivity of the daughter 
elements. K-Ar ages of illite, for example, may not 

necessarily define the time of illitization, but rather 
that of the last thermal event affecting the system. 
There seems to be agreement, however, that fine- 
grained clays, at temperatures below 100°C, are 
probably retentive with respect to Ar [29,30], and 
certainly with regard to St. 

The Rb-Sr method of dating clays has been 
outlined by Clauer [31,32]. Morton [2,19] pre- 
sented Rb-Sr isochrons from Tertiary Gulf Coast 
sediments and Devonian shales, respectively, with 
ages significantly younger than the time of deposi- 
tion. Erwin and Long [25] used Rb-Sr mixing lines 
to suggest that diagenesis immediately followed 
deposition in Permian shales and sandstones from 
Texas. A similar approach used by Liewig et al. 
[23] and Clauer et al. [26] resulted in ages greater 
than the depositional age of the clays. These widely 
varying results reflect either compositional hetero- 
geneities in the separates, uncertainties in assess- 
ing the degree of Sr isotopic equilibrium between 
various structural sites in mixed-layer clays, or a 
non-uniform Sr reservoir in the coexisting fluids. 
Both non-systematic and systematic factors con- 
tribute to uncertainties in interpretation. Hence 
the reliability of an age is enhanced by (a) minera- 
logical and chemical characterization of the clay 
separates to minimize problems of contamination 
and heterogeneity, and (b) fully addressing the 
possibility of isotopic disequilibrium within the 
clay separates. 

4. Study location and sample description 

The samples used in this study were separated 
from shales recovered from the Socony Mobil Oil 
Company No.1 Zula E. Boyd well, DeWitt County, 
Texas Gulf Coast (Fig. 1). This well penetrates a 
lower Miocene to Paleocene sequence of shales 
and sandstones to a depth of 3650 m (12,000 ft), 
the main geologic unit being the Eocene Wilcox 
Group. At this locality, the Miocene-Oligocene 
boundary is at about 430 m (1400 ft) depth, the 
Oligocene-Eocene boundary is found at 1220 m 
(4000 ft), and the upper boundary of the Paleo- 
cene is approximately at 3050 m (10,000 ft) depth. 
Samples used for this study were taken from the 
original material studied and described in detail 
by Freed and Peacor [8,33], allowing direct com- 
parison. The main compositional trend in the clay 
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mineral assemblage from the Zula Boyd well is 
summarized in Fig. la: the smectite/iilite transi- 
tion occurs in a narrow interval between 2130 m 

M .  O H R  E T  A L .  

and 2440 m, from smectite-rich I / S  clay ( <  50% 
illite) to an assemblage dominated by authigenic 
I / S  with 80-90% illite. 
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Fig. 1. (a) Percentage of non-expandable layers in mixed-layer I / S  clay is plotted against depth, Zula Boyd well, Texas (see insert). 
Size fraction is < 2 ~m. The transition from < 50% non-expandable I / S  to > 80% non-expandable I / S  occurs discontinuously 
between 2130 m and 2440 m [8]. (b) 87Sr/86Sr of exchangeable Sr (leached Sr) from all size fractions is also a discontinuous function 
of depth, corresponding to the depth of the smectite/i l l i te transition. Sample numbers  refer to well depth in thousands of feet, and 

approximate time markers are given. 
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5. Techniques 

The separation of authigenic illite takes ad- 
vantage of the difference in grain size between 
detrital clay and finer authigenic clay. Drill cut- 
tings were soaked in distilled water, gently disag- 
gregated using mortar and pestle, and placed in an 
ultrasonic waterbath. The resulting suspension was 
decanted and, if flocculation was observed, redis- 
persed with dilute sodium-metahexaphosphate 
solution (the Sr and Rb blanks being less than 
20% of the total procedure blank). Initial sep- 
aration of the < 2 /~m fraction was achieved by 
repeated gravity settling, and separation of the 
< 0.1/~m fraction was performed on a high-speed 
Sorvall RC2-B centrifuge. The predicted grain size 
and purity of selected separates were confirmed 
by scanning transmission electron microscopy. 

A fundamental problem in dating fine-grained 
sedimentary samples is the presence of non-radio- 
genic Sr in exchangeable clay sites, adsorbed onto 
clay surfaces, and in soluble authigenic phases. In 
order to remove that Sr component, clay separates 
were leached using cold, distilled 1N HC1, and, 
for comparison, using 10% acetic acid for selected 
samples. The duration of leaching varied between 
30 minutes ( < 2/~m fraction) and 20 hours (whole 
rock and < 0 .1/ tm fraction). 

All isotopic composition and isotope dilution 
measurements were performed in the Radiogenic 
Isotope Geochemistry Laboratory at the Univer- 
sity of Michigan. Typical sample size prior to 
leaching was 10-40 mg. Leachate and residue 
were separated by centrifuging, and the residue 
rinsed repeatedly with deionized water, dried and 
reweighed. Residues were digested in a mixture of 
concentrated distilled HF, HCIO4, and HNO 3. 
Total procedure blanks were < 200 pg for Sr, and 
< 50 pg for Nd. 87Rb/86Sr and 147Sm/laaNd were 
determined by isotope dilution, using mixed STRb- 
84Sr, and 149Sm-15°Nd spikes. 87Rb/86Sr ratios are 
accurate to better than 1%, and 147Sm/144Nd ratios 
to about 0.1%. Most 87Sr/86Sr ratios and all 
143Nd/la4Nd ratios were determined on totally 
spiked aliquots, and are presented with a correc- 
tion for spike contributions. Details of ion ex- 
change and mass spectrometric procedures can be 
found in Halliday et al. [34]. All mass spectromet- 
ric measurements were performed on two V.G. 
Sector multicollector thermal ionization mass 

spectrometers, yielding compatible standard val- 
ues of 0.710248 + 10 for 87Sr/S6Sr of NBS 987 
(n = 77), and 0.511868 _ 10 (oN a -- - 15.0 + 0.2) 
for 143Nd/144Nd of La Jolla (n = 27). These un- 
certainties for the standards are expressed as 20 
standard deviations. 

Grain sizes in the < 0.1 /~m separates (calcu- 
lated as the average of the long and short aspect 
of the crystal), chemical compositions and mor- 
phologies of individual grains were determined at 
the Electron Microbeam Analysis Laboratory of 
the University of Michigan, using a Philips CM 12 
STEM fitted with a Kevex Quantum EDS system. 
Selected samples were ultrasonically disaggregated 
and the suspended particles spread over a thin 
"holey carbon" membrane which rests on a fine 
Cu mesh. Normal laboratory procedures allow the 
determination of chemical compositions with ac- 
curacies approaching those of microprobe analyses 
for most elements [12]. 

6. Results 

6.1. Mineralogical relations 

The occurrence of small, thin hexagonal illite- 
rich crystals has been documented in whole rock 
samples throughout the section of the Zula Boyd 
well [8]. In this study the majority of the < 0.1/~m 
fraction is also comprised of such euhedral to 
subhedral hexagonal grains, with only minor 
populations of irregularly shaped clay grains. 
Chlorite is very rare, but minute grains of apatite, 
rutile, and titanite are common in the < 0.1 ~tm 
fraction. In some cases, illite has grown around 
small, titaniferous grains. Representative images 
of these hexagonal grains, and a spectrum of mea- 
sured grain sizes are presented in Fig. 2. Grain 
shapes are distinctly polyhedral (Fig. 2a), ranging 
from well defined hexagonal outlines to less regu- 
lar shapes; detrital smectite with its characteristi- 
cally ill-defined and diffuse texture is absent. 
Comparison of grain shapes before and after 
leaching indicates that leaching can produce 
slightly less well-defined grains, i.e,. the grain edges 
tend to be wavy and the comers are more rounded 
(Fig. 2b). Abundant subhedral grains result from 
grain fragmentation (probably occurring during 
sample preparation), and some of the more irregu- 
lar grain shapes derive from superposition of 
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Fig. 2. (a) STEM photograph of hexagonal fllit¢ crystal from 
sample l l U  (3350 m, untreated). (b) STEM photograph of 
acid-leached fllite crystal from sample l l R  (3350 m, residue). 
The scale bar is 0.1/~m for both (a) and (b). (c) Histogram of 
grain diameters in l l U ,  measured as ( a + b ) / 2 .  The mean  
diameter is 0.16/~m. The size fraction is < 0.1 ~m (e.s.d.) for 

(a), (b), and (c). 

crystallites in random orientation. Grain diame- 
ters in each specimen are similar to sizes predicted 
by the modified Stoke's equation for centrifugal 
gravity settling [35]. The mean grain size is about 
0.16 #m (separated at 0.1 /~m e.s.d), with a some- 
what skewed distribution toward larger grains, the 
upper limit being around 0.4 /~m (Fig. 2c). How- 
ever, as very small grains formed clumps during 
the preparation of the STEM specimens, the abun- 
dance of measured grains smaller than about 0.05 
/~m is likely to be under-represented. 

Structural formulae of illite grains of selected 
samples, normalized to 6 cations in the tetrahedral 
and octahedral sites, and assuming a dioctahedral 
structure are shown in Table 1. The dominant 
interlayer cation present is K, with Ca and Na 
mostly absent. The total deficiency in negative 
charge is calculated as the sum of the tetrahedral 
sites occupied by A1, and the octahedral sites 
occupied by Mg. The mean of the calculated posi- 
tive interlayer charge of untreated samples 8 and 
11 is +0.75. and +0.80, respectively, whereas the 
mean for the corresponding residues is + 0.74 and 
+ 0.65 (Table 1). 

6.2. Rb-Sr isotopic data 

All Sr isotopic data are presented in Table 2. 
Three sample sets were analyzed: whole rock, < 2 
btm, and < 0.1/~m size fractions. Sample numbers 
denote depth within the well in thousands of feet 
(i.e, samples 1 through 12 range from 1000 ft to 
12,000 ft depth). Modifiers denote leachates (L), 
residual samples after leaching (R), and untreated 
samples (U). 

A plot of 87Sr/86Sr of all leachates as a func- 
tion of stratigraphic depth is given in Fig. lb.  We 
find a close correlation between the isotopic com- 
position of exchangeable Sr and clay assemblages, 
in that the depth of the abrupt increase in 875r//86Sr 
of the leachates approximately coincides with the 
depth of the smectite/illite transition (Fig. 1). 
87Sr/86Sr of exchangeable Sr from pre-transition 
samples is approximately constant between 0.7075 
and 0.7079; between 1830 m and 2440 m 87Sr/86Sr 
ratios increase rapidly, and reach another plateau 
at about 0.711 for the deepest samples ranging 
from 2740 m to 3660 m. Leachate isotopic com- 
positions of individual samples, however, are 
largely insensitive to variations in grain size, length 
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of leaching and acid strength (Fig. lb). The effects 
of leaching with acid of different strength (1N 
HC1 and 10% acetic acid) were compared: higher 
87Rb/86Sr and 87Sr/86Sr ratios of the HCl-leached 
residues, combined with relatively constant iso- 
topic composition of the corresponding leachates 
(Table 2), indicate that more complete leaching 
does not preferentially contaminate the leachates 
with radiogenic 87Sr, confirming previous studies 
(e.g. [36,37]). 

Rb-Sr data for the < 2 /~m and < 0.1 btm size 
fractions are presented in Fig. 3a and b. While the 
scatter among the < 2 /tm residues is consider- 
able, the < 0.1 /~m residues from depths of 2440 
m and greater show a more regular pattern. Below 
the smectite/illite transition (samples 8 through 
12) we observe a linear relationship between 

0.724 

0.720 

C.f) 0.716 

~ 0.712 

0.708 

0.704 

0.724 

< 2 micron 
(a) 

5 

"leachate 

untreated 

residue ~ • 
12 11 4 

1 
• 2 

0 1 2 3 4 

, i , , ' i 

< 0.1 rrucron 9 . . ~  " ~  
0.720 ( b )  8 / 12 10 

~ residue- 
0.716 

03 0.712 
o~ ~ untreated T = 34.8 ± 2.0 Ma 

O 
(STsr/S6sr)i = 0.7147 + 3 

0.708 
I leachate 

MSWD = 5.98 

0.704 I i I 

0 4 8 12 16 

87Rb / 86Sr 

Fig.  3. (a) < 2 jam f rac t ion .  T h e  scatter in residue data is due 
to variable amounts of detrital material and differential re- 
sponse to leaching. (b) < 0.1 p m  fraction. Sample residues 8 

through 12 (depths greater than smectite/il l ite transition) de- 
fine an isochron age of 3 4 . 8 + 2 . 0  M a  (regressed using [54]). 

Exchangeable Sr in the leachates is not in isotopic equ i l i b r i um 

with non-exchangeable Sr in the clay residues. 

0.5125 ' ' ' ' i . . . .  i , , , , i , , , , 

whole rock 

0.5124 (a) )~1 

/ leachate 

0.5123 4 

residue i ?  6 ~ / 6 ~ ~ 1 1  

0.5122 - - - ~ . ~ (  

0.5121 <2 micron 

0.5120 . . . .  ~ . . . .  v , , , , I , , , , 
0.05 0.1 0.15 0.2 0.25 

0.5124 

<0.1 micron 
(b) 

" ~  0.5123 

residue 7 11 

"X3 

Z 0.5122 
e 

0.5121 . . . .  I . . . .  I . . . .  I . . . .  
0.05 0.1 0.15 0.2 0.25 

147Sm/144Nd 

Fig.  4. (a) Whole rock samples. Younging of apparent 
residue-leachate ages (Table 3) with increasing depth indicates 
progressive isotopic equilibration as a result of dissolution of 
detritus and precipitation of authigenic clay. (b) < 0.1 pm 
fraction. Leachates and corresponding residues display S m / N d  

fractionation, but have identical 143Nd/144Nd (excluding sam- 
ple 10), sugges t ing  y o u n g  N d  isotopic equilibration d u r i n g  

diagenesis. 

87Sr/86Sr and 87Rb/86Sr, the slope of which corre- 
sponds to an apparent Rb-Sr age of 34.8 + 2.0 Ma 
( M S W D =  5.98). The initial 87Sr/86Sr ratio of 
0.7147 + 3 is significantly greater than the coexist- 
ing leachate compositions. 

6.3. Srn-Nd isotopic data 

Sm-Nd data for a selected range of bulk sedi- 
ment samples, < 2 /tm and < 0.1 #m fractions, 
are presented in Table 3. Leachate-residue pairs 
of whole rock samples are not in isotopic equi- 
librium, although with increasing depth, their re- 
spective 143Nd/144Nd converge and 147Sm/144Nd 
ratios diverge (Fig. 4a). In contrast, most 
leachate-residue pairs of the < 0.1 /~m fraction 
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are in present-day Nd isotopic equilibrium, and 
display 147Sm/]44Nd ratios that differ by factors 
of 1.3 to 2.4 (Fig. 4b). The variation in present-day 
Nd isotopic compositions and  1478m/aa4Nd of all 
samples as a function of stratigraphic depth is 
shown in Fig. 5a and b. Whole rock leachates 
show a range in 147Sm/144Nd from 0.1223 to 
0.2158 as a smooth function of depth. The 
leachates of the < 0.1 /tin fraction also display 
increasing ]47Sm/144Nd with depth, ranging from 
0.1309 to 0.1884. Sample residues define two dis- 
tinct populations as well. Whole rock residues are 
characterized by 147Sm/a44Nd ratios decreasing 
from 0.1077 to 0.0907 with depth, whereas the 
fine-grained clay residues have lower 147Sm/144Nd 
values between 0.1010 and 0.0804. These leachate 
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Fig. 5. (a) Variation of 143Nd/144Nd with depth. (b) Variation 
of 147Sm/144Nd with depth. Sample numbers denote well 
depth in thousands of feet. a43Nd/144Nd of whole rock re- 
sidue-leachate pairs converge with depth, as their respective 
147Sm/]44Nd diverge, a43Nd/144Nd of < 0.1/tm leachate-re- 
sidue pairs are identical (except sample 10), and their corre- 

sponding 147Sm/l~Nd diverge as a function of depth. 

and residue data were re-integrated by weight to 
estimate data for the unleached bulk samples: the 
resulting calculated whole rock 147Sm/144Nd ratios 
are between 0.113 and 0.116, whereas calculated 
147Sm/144Nd ratios for the < 0.1 /~m fraction are 
lower and range from 0.097 to 0.110 (Table 3). 

7. Discussion 

7.1. Mineralogical constraints on the interpretation 
of the isotopic data 

The interpretation of the isotopic data is greatly 
facilitated by textural and chemical characteriza- 
tion of the separates. Size, texture and chemical 
composition of clay grains are parameters accessi- 
ble by STEM. Below we briefly discuss the impli- 
cations of these parameters as they pertain to the 
isotopic results and to the effects of acid leaching. 

We consider the abundance of euhedral illite 
and the absence of detrital phases as strong evi- 
dence that the < 0.1 /tm fraction approximates a 
mineral separate, rather than being just a size 
separate of questionable composition. In particu- 
lar, no feldspar grains, fragments of feldspar, or 
anhedral smectite have been found, validating the 
completeness and the non-destructive character of 
the separation procedure employed. Hence ob- 
served isotopic variations can be directly related 
to processes involving authigenic clay. The ab- 
sence of compositionally zoned clay and the oc- 
currence of only one population of illite grains 
without distinct discontinuities in size and com- 
position suggest that clay diagenesis involved a 
one-step process resulting in the formation of the 
presently observed phases. There is no evidence 
for protracted clay growth. Finally, euhedral or 
fragmented subhedral grain shapes suggest that 
illite precipitated from a fluid, and was not de- 
rived from solid state, layer-by-layer replacement 
of smectite within a pre-existing framework of 
detrital clay. This conclusion is consistent with the 
more extensive data set of Freed and Peacor [8]. 

The effect of acid leaching on the grains is 
difficult to evaluate from the STEM data alone. 
The dominant interlayer cation is K, yet the mea- 
sured K is always insufficient to account for the 
calculated negative layer charge. Analytical data 
for alkalis are problematic and subject to error, as 
rapid diffusion of K parallel to the basal plane 
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(001) results in a net loss of alkali elements [38]. 
No general relationship between the calculated 
interlayer charge, the measured amount of K, and 
the size of the clay grains could be found. Only 
sample 8R displays a correlation between grain 
size and the actual amount of K lost (Table 1). 
Since the concentration of K is mainly affected by 
analytical diffusive loss, no useful information is 
available on its mobility during leaching. Com- 
parison of the calculated interlayer charges before 
and after leaching is also inconclusive. Samples 
8R and 8U display identical mean interlayer 
charges of 0.75 and 0.74 respectively, whereas the 
low mean of +0.65 for l l R  (relative to +0.80 for 
11 U) would imply loss of Mg from the octahedral 
sites (assuming immobility of A1). Interestingly, 
sample l l R  shows also a significantly higher de- 
ficiency of K relative to the calculated interlayer 
charge than the corresponding unleached sample 
l l U  (Table 1). Both the apparent Mg and K 
mobility would imply that illite clay is not com- 
pletely inert to leaching and, since cations in 
structural sites are not simply exchanging with 
H +, in fact is partially dissolved by weak acids. In 
this case the R b / S r  ratios of the clay will be 
maintained only if Rb and Sr are leached in 
proportional amounts, an assumption supported 
by the correlation of 87Rb/86Sr between leachates 
and untreated samples (Table 2). 

7.2. The origin of the leachable Sr 

The isotopic composition of the leachate is 
thought to be a function of the removal of Sr from 
soluble non-sificate phases such as calcite and 
apatite, and from clay-specific sites, namely ex- 
changeable interlayer sites and basal surfaces. In 
addition, leaching of amorphous grain coatings of 
FeO(OH) may occur. X-ray diffraction analysis of 
unleached < 2 /~m samples shows a gradual de- 
crease of the calcite peak height from 1U to 5U, to 
being not detectable for the still deeper samples 
(R. Freed, pers. commun., 1990). The proportion 
of leached Sr is as high as 86% of the total Sr 
inventory for the shallowest samples, and de- 
creases with depth, consistent with the disap- 
pearance of original calcite and the decrease in 
expandable layers of I / S  clay (Fig. 1). 

The 87Sr/86Sr ratio of 0.7076 for 1L is lower 
than the contemporaneous seawater isotopic com- 

position of about 0.7085 [39]. As it is unusual to 
find post-depositional carbonate with 8VSr/86Sr 
that is lower than that of coeval seawater, we 
interpret the shallow leachate Sr isotopic composi- 
tions as resulting from a mixture of exchangeable 
Sr from detrital smectite (mostly volcanic-derived 
with low 87Sr/86Sr [40]), and Sr from dissolved 
skeletal carbonate. Leachates from shales shal- 
lower than 1830 m show approximately constant 
87Sr/86Sr ratios, yet the age-equivalent seawater 
composition increases from 0.7076 to 0.7085 dur- 
ing Oligocene and Miocene time [39] (Fig. lb). 
The anticipated decrease of 87Sr/86Sr with depth 
from dissolved calcite appears therefore to be bal- 
anced by increasing 87Sr/86Sr of Sr leached from 
the hydrated interlayers of the smectite-rich clay. 

We interpret the Rb-Sr isochron as indicating 
that during illite growth all Sr in the clay-pore-  
fluid system largely equilibrated isotopically with 
87Sr/86Sr of 0.7147. However, exchangeable Sr in 
leachates from greater than the clay transition 
depth has not maintained isotopic equilibrium with 
this system, preserved only in the non-exchangea- 
ble Sr component in the corresponding residues. 
Consequently a process is required that has 
lowered 87Sr/86Sr in leachable sites of the deeper 
samples to their present-day values of about 0.711, 
and that did not reset the non-exchangeable Sr in 
illite interlayers. It appears as if authigenic 
mixed-layer clays are partially open systems with 
respect to late resetting, and we suggest that their 
expandable interlayers act as pathways for con- 
tinuing isotopic exchange, perhaps caused by the 
continuous interaction with less radiogenic waters 
fluxing the system (hence "exchangeable" Sr). In 
contrast, Sr that is firmly bound in non-expanda- 
ble interlayers is not susceptible to late resetting, 
and has retained its initial Sr isotopic composition 
from the time of clay growth (hence "non-ex- 
changeable" Sr). Evaluating the origin of leached 
Sr is clearly a complex subject. The correlation of 
87Sr/86Sr of 8L through 12L ( < 0 . 1  /~m) with 
87Rb/86Sr and 87Sr/86Sr of their corresponding 
residues (Table 2) may be indicative of a contribu- 
tion of Sr from non-exchangeable sites as dis- 
cussed in section 7.1 above. Finally, soluble di- 
agenetic phases such as apatite in the deeper sam- 
ples are a major source of leachable Sr as well. 
Leachable Sr certainly represents a mixture of Sr 
from all mentioned components; these compo- 
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nents are isotopically heterogeneous and the re- 
sulting mixing relationships reflect post-diagenetic 
resetting rather than an equilibrium composition. 

The Sr isotopic depth profile resembles the 
mineralogical depth profile (Fig. 1) because ex- 
changeable Sr in the shallow samples has never 
equilibrated in the authigenic system and instead 
has been dominated by less radiogenic Sr from 
carbonate and formation waters. In contrast, al- 
though exchangeable Sr in the deep samples has 
been lowered from the initial value of 0.7147 at 35 
Ma to present intermediate values of about 0.709 
to 0.711, elevated 87Sr/86Sr ratios of leachates 
from depths greater than the smectite/illite transi- 
tion still bear evidence of radiogenic Sr in the 
authigenic system. 

7.3. Rb-Sr isochrons and mixing lines 

In a Rb-Sr isotopic evolution diagram such as 
Fig. 3, the sample complements U, R, and L must 
define a mass balance fine. The slope of these lines 
can be considered Rb-Sr isochrons only if the 
isotopic composition of the leachate is close to 
that of the original system. In Fig. 3a the Rb-Sr 
isotopic data for the < 2 /Lm fraction are sum- 
marized, and we observe a non-systematic scatter 
of apparent residue-leachate ages between 105 
and 249 Ma (Table 2), in excess of the deposi- 
tional ages. This scatter can be explained either by 
the persistence of variable proportions of detrital 
grains introducing inherited Sr, or by isotopic 
disequilibrium between Sr in authigenic clay and 
the exchangeable Sr following illitization. The ages 
so obtained are geologically meaningless. Individ- 
ual apparent residue-leachate ages from the < 0.1 
~tm fraction (Fig. 3b) range from 56 to 98 Ma 
(Table 2). There is no evidence for systematic 
change with depth as would be implied by pro- 
tracted clay growth. Furthermore, we doubt the 
significance of these leachate-residue ages on 
several grounds: 

(1) The ages either exceed or coincide with the 
depositional age, requiring at best syn-deposi- 
tional illitization. 

(2) S r / N d  ratios in the leachates are between 
20 and 100, greater than apatite S r / N d  of typi- 
cally less than 10, and hence imply a significant Sr 
contribution from exchangeable clay sites. These 

sites are prone to be isotopically reset in the 
presence of Sr-rich pore-fluids. 

(3) If the residue isochron were merely a mixing 
line rather than due to in-situ decay since illitiza- 
tion, 87Sr/86Sr would have had to be negatively 
correlated with 8VRb/86Sr. This is unlikely and no 
such correlation is apparent in the whole rocks 
residues at an apparent age of about 56 to 58 Ma 
(Table 2). 

(4) Finally, as we believe the < 0.1/~m fraction 
to be devoid of contaminating detrital phases, we 
conclude that continued isotopic exchange has 
affected the exchangeable Sr reservoir. Two-point 
"isochrons" do not appear to give geologically 
meaningful illitization ages for the samples in 
question. 

In contrast, we propose that the Rb-Sr isochron 
age of 34.8 + 2.0 Ma for < 0.1 tim residues (Fig. 
3b) dates an episode of illite crystallization over a 
considerable depth range. Only the illite-rich clays 
8R through 12R from below the smectite/illite 
transition are included in the regression, whereas 
sample 7R is excluded as it is mineralogically 
different (Fig. la). The spread in 87Rb/86Sr ratios 
of the residues reflects sizable fractionation of the 
Rb-Sr system during diagenesis and we can en- 
visage several processes that may control  
fractionation. Variable R b / S r  ratios can be im- 
parted from the whole rock system as detrital 
phases dissolve. Alternatively, the precipitation of 
Sr-rich accessory apatite can raise the R b / S r  ratio 
in the residual fluid, a process consistent with the 
general increase of 87Rb/86Sr of < 0.1/~m re- 
sidues with depth and the concomitant increase of 
both  87Sr/S6Sr and 147Sm/144Nd in the corre- 

sponding leachates (apatite having the initial Sr 
isotopic composition of 0.7147 and also high 
S m / N d  ratios). Finally, the pore-fluid itself may 
fractionate during interaction with mixed-layer 
clay, as Sr is more easily hydrated and incorpo- 
rated in expandable interlayers. 

Support for the interpretation of episodic clay 
growth can be found in the study by Aronson and 
Hower [20] on rocks of the lower Frio Formation 
from a well in Harris County, Texas (Fig. 1). They 
obtained near constant K-Ar ages of about 33 to 
35 Ma in the < 0.1 btm fraction of their deepest 
well samples. Consistent with a model of burial 
diagenesis involving solid-state transformation of 
smectite to illite, an age correction was applied to 
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allow for extant detrital smectite layers in the I / S  
clay, and the lack of increase in the K-Ar ages 
with depth was interpreted to reflect low-tempera- 
ture diffusive loss of 4°Ar at higher temperature. In 
light of our data it is probable that these ages did 
not suffer from post-diagenetic resetting, but 
rather reflect an episodic event, although this 
would require growth of illite under near surface 
conditions. Morton [2] reached a similar conclu- 
sion using a Rb-Sr isochron of 23.6 Ma for illite 
from stratigraphically equivalent rocks. The re- 
sults of both our study of Eocene to Paleocene 
shales and Morton 's  work on Oligocene shales [2] 
imply diagenesis at identical depths as shallow as 
1200 m (Fig. lb),  consistent with low equilibrium 
temperatures ( <  70°C) from O-isotope thermome- 
try on I / S  clay and quartz overgrowths [2,41]. 
Hence the difference in illitization age reflects the 
difference in depositional age and the subsequent 
burial history of the rocks. 

The initial Sr isotopic composition of 0.7147 
defined by the Rb-Sr isochron is more radiogenic 
than that of any of the leachates. The inferred 
composition of the pore-fluid is also higher than 
measured Sr isotopic ratios of Gulf  Coast basin 
brines (e.g. [42-44]), which range from about 0.707 
to 0.711. Such high 87Sr/86Sr of pore-fluids can be 
derived either from the introduction of more ra- 
diogenic basinal brines that have exchanged with 
sediment at depth, or from rock-dominated ex- 
change in a near closed system (see section 7.5). 
The isotopic data presented here are compatible 
with either scenario, and both episodic influx of 
brines from the pre-Cenozoic basement [44] and 
the rock-domination of Gulf  Coast basinal brines 
are widely discussed in the literature (e.g. [42-46]). 

7.4. Sm-Nd fractionation during diagenesis." poten- 
tial for dating 

The studied diagenetic system is extremely 
young, and given the accuracy of the isotopic 
composition data and the observed difference in 
a47Sm/144Nd of a given residue-leachate pair, it is 
not possible to distinguish between Nd isotopic 
equilibrium at the present time and at a time < 40 
Ma in the past. However, if isotopic equifibration 
occurred in that time span and if the system was 
subsequently not disturbed, apparent  present-day 
equilibrium is expected. 

The inverse correlation between leachate and 
residue 147Sm/144Nd is apparent  in both whole 
rock and < 0.1 /zm fractions (Fig. 5). Whole rock 
leachates from 305 m and 1220 m depth have 
t47Sm/144Nd ratios of 0.1223 and 0.1245, similar 
to modern seawater and carbonate [47]. The de- 
eper whole rock leachates have higher 147Sm/144Nd 
up to 0.216, but not as high as values reported by 
Awwiller and Mack [48] (up to 0.346). The cou- 
pled Sm-Nd fractionation of residue-leachate 
pairs is clearly not a leaching effect, as we observe 
increased fractionation between both sample com- 
plements as a regular function of depth (Fig. 5b). 
This is probably caused by enhanced reaction 
rates and precipitation of a REE fractionating 
phase such as apatite at higher temperatures. 

The progressive equilibration of leachates and 
residues is both a function of depth (Fig. 5), and 
decreasing grain size (Fig. 6). In both  cases this is 
a result of the reconstitution of original detrital 
material to form new illite. Firstly, detrital 
minerals are dissolved with burial, and whole rock 
samples at depth are mainly (but not fully) com- 
prised of authigenic minerals. Secondly, increas- 
ingly finer-grained size fractions are also enriched 
in authigenic minerals, and isotopic equilibrium 
between residues and leachates should be progres- 
sively attained. This is documented in the results 
for various grain sizes of sample 8 (Fig. 6). The 
leachates of the whole rock and of the < 2 /~m 
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Fig. 6. Apparent ages of residue-leachate pairs for whole rock, 
< 2 mm and < 0.1 mm size fractions of sample 8 are younging 
with progressively smaller grain size. This results from the 
higher abundance of authigenic clay in the finer fractions. All 
leachates are in isotopic equilibrium with the < 0.1 #m frac- 

tion. 
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fraction plot on the extension of the "two-point  
isochron" defined by the <0.1 /~m residue- 
leachate pair, suggesting that leachable Nd in all 
size fractions was isotopically equilibrated with 
illite and, because of very low Nd concentrations 
in fluids, has not been reset since then. Consistent 
with the greater persistence of detrital phases with 
low 143Nd/144Nd in the coarser size fractions, the 
< 2 /~m and the whole rock residues delineate 
progressively older apparent ages of 134 Ma and 
330 Ma with their complementary leachates. The 
apparent < 0.1 ~tm Sm-Nd age of 45 + 24 Ma is 
too imprecise to indicate anything other than 
young equilibration. However, this method may 
be useful for dating diagenesis and rock-fluid 
interaction in older rocks, as shown by pre- 
liminary results on Paleozoic sediments [49]. 

The underlying factors causing the observed 
Sm-Nd fractionation between leachates and re- 
sidues are not entirely clear. Low 147Sm/144Nd 
ratios in the < 0.1/~m residues might indicate that 
authigenic illite incorporated Nd preferentially 
over Sm, leaving behind elevated S m / N d  ratios in 
the fluid. This  has also been suggested from whole 
rock Sm-Nd data on Wilcox shales [48]. Ionic 
radii for Sm 3+ and Nd 3÷ in eight-fold coordina- 
tion are 1.08 A~ and 1.10 A~, respectively [50]. 
Given the similarity of ionic radii it is not very 
plausible to expect significant fractionation of Sm 
from Nd in interlayers of the phyllosilicate struc- 
ture. Alternatively, Sm-Nd fractionation may be 
controlled by accessory phases that incorporate 
large amounts of REE in their structure. As small 
crystals of diagenetic apatite are commonly ob- 
served in the < 0.1 /~m separates, and since mid- 
dle REE substitute preferentially into its Ca sites 
[51,52], the high 147Sm/144Nd in the leachates 
could be caused by dissolution of even small 
amounts of apatite. Between 62% and 16% of the 
whole rock Nd inventory, and between 47% and 
14% of the < 0.1 /~m Nd inventory is leachable 
(Table 3). This suggests that an important propor- 
tion of the REE budget is sequestered in REE-rich 
accessory minerals such as apatite, and probably 
to a lesser degree either adsorbed onto grain 
surfaces or available in exchangeable interlayer 
sites. 

We conclude that dissolution and precipitation 
processes during clay diagenesis involve isotopic 
homogenization of Nd on a sample scale, and that 

redistribution of the REE between cogenetic di- 
agenetic phases such as illite and apatite causes 
pronounced S m / N d  fractionation. This conclu- 
sion is at variance with the purported lack of 
mobility and geochemical fractionation of REE 
during diagenetic processes (e.g. [53]). 

7.5. Closed system versus open system diagenesis 

One can envisage two situations under which 
authigenic illite grows from a co-existing pore- 
fluid. One endmember scenario involves closed 
system conditions characterized by low f lu id/ rock 
ratios akin to previously suggested mechanisms of 
in-situ illitization (e.g. [1,18]). Alternatively, open 
system conditions could be established involving 
flow of fluids or diffusion of solutes through the 
rock as a means of introducing the reactants into 
the system. The two endmember situations can be 
tested using Sr and Nd isotopic data. 

We use smecti te-rich rocks above the 
smectite/illite transition as pre-diagenesis equiv- 
alents for rocks now below the transition. Such an 
approach is approximate at best as it implies that 
provenance and bulk chemical composition of the 
sediment are constant. An approximation for the 
ambient, pre-diagenetic Sr isotopic composition is 
(87Sr/86Sr)35Ma of whole rocks 4R and 6R. Their 
values of 0.717 and 0.719, respectively, are higher 
than the inferred initial 87Sr/S6Sr of 0.7147, sug- 
gesting a contribution from less radiogenic brines 
to the authigenic system. It is easy to calculate a 
series of minimum bulk f lu id/ rock ratios using a 
simple mixing equation such as: 

f l u i d  1 ( R m  - R r ) 

where R m --87Sr/86Sr of the system following iso- 
topic exchange between rock and fluid = 0.7147; 
R r = 87Sr/86Sr of whole rocks 4R and 6R; Rf = 87 
Sr/86Sr of the original fluid; C r = Sr concentra- 
tion in rock; Cf = Sr concentration in fluid, AD = 
density factor = 2.4. 

We assume a range of reasonable 87Sr/86Sr 
(0.7080 to 0.7105) and Sr concentrations (100 mg/1 
to 300 mg/1) for the pre-illitization pore-fluid 
[49-51], while keeping the Sr concentration in the 
rock fixed at 80 ppm (Table 2). High Rf (0.7105) 
and low Cf (100 mg/ l )  give rise to the highest 
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f lu id/ rock ratio at a given rock isotopic composi- 
tion R r. For R r = 0.717, (fluid/rock)buj k ranges 
f rom 0.22 to 1.05, and for  R r = 0.719, 
(fluid/rock)bul k ranges from 0.41 to 1.97. The 
available pore space in argillaceous rocks is likely 
to be lower than the calculated min imum 
f lu id/ rock ratios, and we infer that open system 
conditions involved a moderate but not large flux 
of fluids into the rock column. 

Fluids are extremely depleted in REE com- 
pared to silicate phases, and hence diagenetic sys- 
tems with relatively low f lu id / rock ratios are not 
expected to show any change in the Nd isotopic 
composition compared to the original rock. Values 
of ( 1 4 3 N d / 1 4 4 N d  "~ for the < 0.1 /~m residues / J35 Ma 
are between 0.51217 and 0.51222 (excluding sam- 
ple 10), whereas shallow whole rock residues (4R 
and 6R) have marginally lower 143 144 ( N d /  Nd) 35 
r,a of 0.51213 and 0.51210. A change in prove- 
nance with time could be responsible, but prefer- 
ential dissolution of detrital smectite with rela- 
tively radiogenic Nd [48] and incorporation of this 
Nd component  into precipitating illite may also 
explain the slightly higher ~43Nd/t44Nd in the 
<0 .1  /~m residues. Another important  conse- 
quence of the depletion of REE in pore-fluids is 
the preservation of Nd isotopic equilibrium on a 
sample scale. Continued interaction with such 
fluids will generally not change the isotopic com- 
position in leachable sites, and, unlike for the 
Rb-Sr system, Sm-Nd leachate-residue dates can 
be expected to yield meaningful age information. 

8. Concluding remarks 

Rb-Sr data for leached authigenic illite indicate 
that illitization of smectite in Texas Gulf  Coast 
shales occurred episodically tens of million years 
after deposition, and this event affected rocks over 
a considerable depth range. The diagenetic system 
was rock dominated, yet the heterogeneity in ini- 
tial Sr isotopic compositions of diagenetic minerals 
was small relative to the variations imparted from 
in-situ decay of 8VRb. This allows dating of di- 
agenesis on a local scale. The observed present-day 
Nd isotopic equilibrium and significant Sm-Nd 
fractionation in the fine fractions is attributed to 
redistribution of REE during clay diagenesis, pos- 
sibly controlled by cogenetic accessory phases rich 
in REE, such as apatite. Since pore-fluids are 

depleted in REE, the Sm-Nd system will generally 
be robust with respect to late resetting and we 
therefore suggest the possibility of single-sample 
Sm-Nd dating of very low-grade sediments m 
sufficient age ( >  400 Ma). Such a single-sample 
approach is superior to multi-sample isochrons 
because the effect of initial isotopic heterogeneity 
is eliminated. Finally, the inferred timing of epi- 
sodic diagenesis at 35 Ma requires illitization to 
have taken place at shallow depths between 1200 
m and 2400 m, and temperatures not exceeding 
approximately 70°C. 
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