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Abstract--Clay and zeolite mineral assemblages were determined for five deep wells in volcano-clastic 
sediments (Japan) and for one well in mudstones (California). The clay mineral suites in these wells 
showed a gradual change with depth of illite/smectite (I/S) composition, which increases in smectite 
content in the upper portion towards a fully expandable mineral (2-3-km depth) and then decreases in 
smectite content with depth (2-5 km). The temperature of transformation or recrystallization to a fully 
expandable smectite mineral is about 60~176 in non-zeolite bearing rocks and 70~176 in zeolite- 
bearing rocks, with no apparent dependence on time. Comparison is made between the I/S smectite 
content in the lower part of the wells (i.e., below the occurrence of the fully expandable mineral) and the 
zeolite mineral zone boundaries. The 60% smectite composition was found at 108~176 maximum 
burial temperatures. The zeolite II/III zone boundary, i.e., the onset of the analcime zone, occurs between 
85 ~ and 95~ and may be slightly time-related in the span of 1-15 Ma. The clay and zeolite minerals can 
be used as temperature indicators in the range of the Neogene age. 
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I N T R O D U C T I O N  

Previous studies (Iijima and Utada, 1971; Iijima, 
1986) of  samples from the MITI deep drill holes in 
Japan have shown that the zeolite facies boundaries 
were essentially temperature dependent. The temper- 
ature range of  the alkali zeolite-analcime boundary 
(zones II/III) was determined to be between 80 ~ and 
95~ b~sed on bottom-hole temperatures. The trans- 
formation of  clay minerals in pelitic sediments from 
deep wells in the Gulf  Coast of  the Uni ted States (see 
review by Velde, 1985), a Colorado River delta geo- 
thermal well (Jennings and Thompson,  1985), and 
deeply buried Plio-Miocene sediments in southern Cal- 
ifornia (Ramseyer and Boles, 1986~ indicate that the 
composition of  the illite/smectite mineral (I/S) is de- 
pendent on temperature and also probably on time (i.e., 
length of  the thermal event). Most of  the detailed data 
in the literature come from late Tertiary to Cretaceous 
age sediments and rocks; few attempts have been made 
to compare the effects of  time and temperature on the 
I/S clay mineralogy in younger sediments and sedi- 
mentary rocks of  varied mineralogy. By using the well- 
established zeolite zoning as a reference, the evolution 
of  the zeolites can be compared with that of  the clays 
and, hence, insight into the dynamics of  clay mineral 
transformation or recrystallization can be gained. 

EXPERIMENTAL 

Material studied 

Cuttings and core material were investigated using 
X-ray powder diffraction methods of  identification on 
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the fine fraction (< 2 tzm) of  the volcanoclastic zeolite- 
bearing mudstones from five deep wells in Japan and 
from one in a non-zeolitic mudstone in the eastern 
portion of  the Los Angeles basin, near Whittier, Cal- 
ifornia. The material from the Japanese wells was pre- 
viously studied by Iijima and Utada (1971), Iij ima 
(1986), and Tada and Iijima (1983). Wells were from 
the Nigata basin, Honshu; and northern and southern 
Hokkaido. The California well cuttings were supplied 
by Cities Service Company. The cuttings were hand 
picked to avoid detrital rock fragments, which com- 
monly contain clays or zeolites that have not reacted 
with the fine-grained material of  the sample to form 
the new diagenetic clay mineral assemblage. 

Temperature measurements 

Temperatures were determined by extrapolating the 
equilibrated bottom-hole temperature to a surface val- 
ue of  15~ for the wells. Temperatures measured in the 
Toyokoru well were corrected for a total burial depth, 
assuming an erosion of  700 m of  sediments. Therefore, 
the temperatures used for this well are the max imum 
values to which the sediments could have exposed (Iiji- 
ma, 1986), assuming the present day geothermal gra- 
dient. At the site of  the Hamayuchi  well, outcropping 
sediments are about 4 Ma old, which gives an eroded 
overburden of  about 200 m (Tada and Iijima, 1983). 
Temperatures were also corrected for this initial burial. 
The bottom-hole temperature in the Los Angeles basin 
well was measured after only 7 hr; thus, this value was 
corrected to be more in line with the overall gradient 
established for the eastern part of  the Los Angeles basin 
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Figure 1. Representation of the sediment age and depth re- 
lations for the wells studied. Arrow = depth at which zeolite 
zones II/III were determined; diamonds = the depth at which 
illite/smectite containing 60% smectite layers was found in 
the lower illite/smeetite mineral suites; triangles = point at 
which 100% smectite occurs. 

(given in Philipi, 1962). This correction was made by 
comparing the difference in equilibrated producing and 
down-hole drilling temperatures given by Boles and 
Franks (1979) for wells in southwest Texas, where the 
geothermal gradient is similar. The 121~ measured 
temperature at 5 km depth was increased here to 140~ 

Temperatures at various points in the wells were 
estimated using a linear extrapolation of bottom-hole 
maximum temperatures to surface temperature. Some 
measured temperatures in mid-hole (Iijima and Utada, 

1971) fall below the linear extrapolation, which sug- 
gests that the measurements at lower temperatures do 
not represent those of the rock, which should form a 
series in a slightly convex upward curve. Whatever the 
inaccuracies of the linear extrapolation method, they 
are presumably the same in all of the wells, and, thus, 
the temperatures used will be internally consistent and 
useful for comparison between the wells. 

A plot of depth vs. age for the wells is given in Figure 
1, and the overall gradients are reported in Table 1. 
The temperature for any point in the wells is estimated 
to be accurate within ___ 5~ 

Clay mineralogy 

The mineralogy of the mudstones was determined 
for the <2-#m fraction by X-ray powder diffraction 
using Ni-filtered CuKa radiation. Determinations of 
smectite of the iUite/smectite (I/S) mixed-layer mineral 
were made using the ratio of peak and low-angle back- 
ground intensity for the 001/001 reflections of ethylene 
glycol-saturated samples, following the results in Reyn- 
olds (1980) for disordered, R=0 structure minerals 
having seven constituent layers in the crystallites. The 
smectite content of these minerals varied from 100 to 
slightly less than 40%. Duplicate preparations gave dif- 
ferences in estimated smectite content of as much as 
7%. The R = 1 ordered structure was encountered for 
samples having 40 to 50% smectite layers. Estimation 
of percent smectite was made using the method of 
Velde et al. (1986) for air-dried samples. These iden- 
tification methods were used because of the low inten- 
sity of the smectite peaks at ~9A  (indicating that a 
small number  of layers is present in the crystallites) 
and because of the frequent interference of zeolite, mica, 
and quartz peaks with I/S reflections. 

ZEOLITE ZONES 

Estimations of zeolite zone boundaries (depth) are 
found in Iijima and Utada (1971), Iijima (1978, 1987, 
1988) and Tada and Iij ima (1983). This boundary es- 

Table 1. Thermal data for seven wells in volcanoclastic sediments. 

T o t a l  d e p t h  B o t t o m - h o l e  
W e l l  (km)  t e m p e r a t u r e  (*C') d t / d z  ~ d x / d t  2 

Shimoigarshi, Nigata basin, Japan 
Masugata, Nigata basin, Japan 
Obuchi, Nigata basin, Japan 
Toyokoro, Hokkaido, Japan (corr) 3 
Hamayuchi, Hokkaido, Japan (corr) 
Los Angeles basin, California (corr) 
Colorado River delta, California 

5 136 24.2 0.93 
4.2 138 29.3 0.77 
5.0 150 27.0 1.3 
3.2 113 30.6 0.96 
4.5 128 25.1 0.60 
5.0 140 25.0 0.80 

0.77 

The Colorado River delta data are those reported by Jennings and Thompson (1985); depth information is not given. 
dt/dz = the overall thermal gradient using the linear extrapolation of the stabilized bottom-hole temperature and 150(2 as 

the surface temperature. 
2 dx/dt = the change in smectite content (x = % smectite) as function of temperature change (~ 
3 corr = corrected bottom-hole temperatures as discussed in the text. 
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sentially indicates the replacement of the alkali zeolites, 
predominantly sodic-potassic clinoptilolite and mor- 
denite, by analcime and locally by heulandite. Discus- 
sions of the methods and importance of zeolite iden- 
tification are found in the above papers and the studies 
cited therein. This zeolite zone boundary is part of the 
glass-to-albite transition series common in volcano- 
elastic materials, which gives rise to zeolites and I/S 
minerals. The existence of the zonal sequence depends 
upon the existence of glass-bearing sediments, and, thus, 
the sequence indicates a continuity in the abundance 
of such sedimentary material in the sequences pene- 
trated by the drill holes in Japan. Boles (1971) and 
Iij ima (1978) noted that the presence ofanalcime could 
be influenced by local variations in solution chemistry. 
Similarity of the temperatures at which the analcime 
is found in the wells suggests that such an influence is 
minor  in the wells studied. 

RESULTS 

Figure 2 gives the clay and zeolite data as a function 
of depth in the wells and maximum temperatures to 
which the sediments have been exposed. The lower I/S 
mineral compositional sequences are delimited by trend 
lines which outline the data. A dashed, median trend 
line has been drawn to represent the over-all evolution 
of the clays with depth. In each series, the point is  
indicated at which 60% smectite I/S minerals occur. 
This composition has no special significance. It is used 
because it is the point of furthest evolution common 
to all of the I/S mineral sequences. Extrapolation to a 
100% smectite mineral composition is made where 
needed, although nearly all of the sequences show a 
fully expandable smectite at depth. 

DISCUSSION 

Zeolites are present in all the Japanese wells. These 
minerals are due to the transformations of volcano- 
elastic material into the various facies or zeolite zones 
mentioned above. The formation ofzeolites is accom- 
panied by the crystallization and probable transfor- 
mation of I/S minerals. By comparing the clay facies 
from these wells with those from a non-zeolitic se- 
quence (Los Angeles basin) which has a similar age 
range of sediments, one can see whether or not the 
presence of zeolites affects the evolution of the I/S 
minerals. 

In all wells the smectite content of the I/S minerals 
is variable in the upper 2-3 km. A gradual increase in 
the percentage of smectite layers with depth in the 
California well and the Japanese Obuchi and Masugata 
wells can be seen. In the other wells, the change in 
smectite content of the I/S minerals in the upper levels 
is more irregular. In the Japanese wells, below or near 
the alkali-zeolite zone boundary (2-4 km), the smectite 
content of the I/S decreases continuously with depth 
in the well. This same trend is clearly seen in the Cal- 

ifornia well below 2 km depth. A similar, linear trend 
was also reported by Jennings and Thompson (1985) 
for a Pliocene well in the Colorado River delta. In this 
well, sediments were apparently subjected to their pres- 
ent thermal gradient for only a short period of time 
( < l  Ma). 

The appearance of 100% smectite can be noted at 
or above the zeolite II /III  zone boundary in all but one 
of the suites studied, but  it does not coincide exactly 
with this boundary. In the Hamayuchi well, however, 
the 100% smectite stage does not seem to have been 
reached at all. In  this well the evolution of the I/S 
mineral composition appears to change at about 2 km 
depth at an I/S composition of about 70% smectite 
layers. This well has penetrated essentially highly si- 
liceous shales, which have been studied in detail by 
Tada and Iijima (1983). Noncrystalline or cryptocrys- 
talline forms of silica are present in the upper part of 
the well, but at 1.8-km depth, the most apparent form 
of silica is quartz. This difference in mineralogy is prob- 
ably important; the change to a quartz-rich mineralogy 
occurs where the clay suite begins to change, suggesting 
that the silica activity had an influence on the trans- 
formation of the I/S. Thus, the six wells studied are 
not exactly identical in their clay mineral and zeolite 
mineralogy, but they are similar. The clay mineralogy 
of the silicified shale sequence is slightly different from 
that in the zeolite-bearing mudstone lithologies. 

Temperatures at which the I/S containing 60% smec- 
rite layers and zeolite zone II/III boundaries occur are 
plotted against age in Figure 3 for the various wells. 
Estimations of maximum temperatures to which sed- 
iments were exposed is based upon a linear extrapo- 
lation of equilibrated bottom-hole temperatures. Such 
a procedure does not allow for the thermal effects due 
to sedimentation rate, nor does it take into account the 
conductivity differences due to changes in sediment 
lithology or chemical variations due to changes in li- 
thology, 

In the wells studied here (except the Hamayuchi well) 
the point at which the I/S containing 60% smectite 
layers occurs is at nearly the same present-day tem- 
perature despite the age of the sediments in which they 
are found. The data scatter over a range of about 10~ 
which is small considering the variability of the initial 
data, such as the uncertainty of the temperature esti- 
mations (+ 5~ and the variation in the determination 
of the clay mineral composition (_+ 7 % smectite layers). 
The temperature range over which 60% smectite I/S 
occurs (10~ is smaller than that over which the zeolite 
zone II/III boundary occurs (18~ The temperature 
of the zeolite zone boundary is similar to that estab- 
lished by Iij ima (1986). The differences in temperature 
of the zeolite zone II/III boundary in the wells do not 
vary significantly as a function of age; however, for the 
older sediments (i.e., Toyokoro and Hamayuchi wells), 
the zone boundary seems to be at a slightly lower tem- 
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Figure 2. Plots  o f  the smect i te  layer con ten t  o f  i l l i te/smecti te minera l s  and  zeolite facies data. Crosses  = samples  conta in ing  
no alkali zeolite in the  2-~m fraction o f  the  muds tone ;  circles = samples  with alkali zeolites; dots  = samples  in which  glass 
was a s s u m e d  to be present,  due to a lack o f  zeolites in the  upper  levels o f  the  wells. II /III  = zeolite zone bounda ry  as de t e rmined  
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perature. The correlation of the two sets of data indi- 
cates that the smectite-layer content of I/S is dependent 
on temperature and independent of time in most of 
the wells studied. Given the possible variations in li- 
thology (chemistry) and errors in temperature esti- 
mations, as well as the scatter in the smectite-content 
determinations, the evolution of the smectite-layer 
content of I/S and the transition in zeolite mineralogy 
are approximately thermally constant. Kinetics ap- 
pears to have had little effect during the time scale 
covered in the wells studied (1-15 Ma). The temper- 
atures at which the 100% smectite minerals were es- 
timated to occur in mid-sequence at or above the zeo- 
lite zone II/III boundary vary from 60 ~ to 90~ with 
a slight tendency for the temperatures to be lower in 
the younger, deeper wells. 

The change in I/S composition with depth in the 
upper parts of the wells to one of higher smectite con- 
tent suggests that this material has recrystaUized in the 
upper 2 km of the wells. This is important, because it 
is generally accepted that the smectite content of I/S 
decreases as a function of temperature due to the smec- 
tite-to-illite transformation (Velde, 1985). Such a se- 
quence has been found in the lower portion of the wells 
studied. An explanation of the increase of I/S smectite 
content with temperature in the upper parts of the wells 
is that the initial US minerals are not of the same 
composition or type as those in the lower zones. In- 
creasing temperature with burial changes the physical 
conditions, which favors a new smectite mineral that 
appears in mid-sequence of the drill hole. Velde and 
Brusewitz (1986) discussed several types of I/S mineral 
series in which the smectite component varies in chem- 
ical composition from one series to the other. If I/S 
minerals of different compositions exist in the two por- 
tions of the wells, the upper zone contains a series 
which is not stable at higher temperatures, and the new 
phases first form a 100% smectite which then trans- 
forms (smectite to illite) as temperature increases fur- 
ther. 

The observation that the temperature at which an 
I/S having a specific smectite-layer content mineral 
forms is independent of time is important. In the Jap- 
anese, the Los Angeles basin, and the Colorado River 
delta wells (Jennings and Thompson, 1985), the tem- 
perature at which a given I/S mineral composition oc- 
curs is independent of time; thus no kinetic effect is 
apparent. Studies of the Gulf  Coast sediments (see re- 
view in Velde, 1985), however, indicate that kinetics 
effects the transition ofl /S minerals in older sediments. 
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illite/smectite containing 60% smectite layers was encoun- 
tered (diamonds) and where the zeolite zone II/III boundary 
was encountered in the wells (squares). Smectite value for the 
Hamayuchi well is not plotted because of its anomalous po- 
sition (see text). The 60% smectite layer composition point 
is indicated by C for the Colorado River delta well (Jennings 
and Thompson, 1985). 

The I/S minerals found in young sediments (< 15 Ma), 
therefore, do not behave in the same manner  as those 
in older sediments. 

CONCLUSIONS 

If  the estimates of the temperature of the zeolite zone 
boundaries are correct, a slight kinetic effect may exist 
in the zeolite transitions in the range 3-15 Ma. The 
wells containing mudstones that have ~ 100% smectite 
zone in mid-well show nearly the same temperature 
for the 60% smectite stage at greater depth. In the Los 
Angeles basin well, which has no zeolites in the clay 
fraction, the temperature at which I/S containing 60% 
smectite layers exists is the same as that in the Japanese 
wells below the alkali-zeolite zone. Thus, the bulk com- 
position and/or mineralogy of the sediments do not 
appear to influence the authigenic I/S minerals in the 
absence of alkali zeolites in the fine fractions. The min-  
eralogy of clay fraction of the siliceous shales in the 
Hamayuchi well, however, suggests that the very high 
silica activity could change the mineralogy of the I/S 
minerals present in a mudstone. 

In summary, the smectite layer content of I/S min-  
eral and the zeolite zone II/III boundary can probably 
be used as a thermal marker in young sediments (< 15 

(..._ 

by Iijima and Utada (1971) and Iijima (1978). See Iijima (1978) for more details on the zeolite zone determinations. Triangle = 
point at which average value of smectite layer content reached 60% in the lower, depth-dependent compositionaI series. R=0 
and R= 1 indicate the stacking type of the I/S minerals. Solid lines limiting the lower I/S compositions indicates limits of 
compositional trends and dashed line indicates the middle trend line, which is used to show the evolution of the I/S mineral 
composition in the lower portion of the wells. 
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Ma). In older sediments, the zeolites may change at 
lower temperatures as a function of  sediment age, but 
the differences in temperature were less than 15~ over  
the age range studied. A temperature-dependent I/S 
mineral series forms between 60 ~ and 90~ in the wells 
studied and does not appear to be related to the age o f  
the sediment, and, thus, the t ime it has been subjected 
to temperatures higher than those during its sedimen- 
tation. 
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