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Influence of kinetics on the smectite to illite transition 

in the Barbados a½½retionary prism 
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Earth Science Department, University of Cahfornia, Santa Cruz 

Abstract. Low chloride pore fluids observed along faults in clay-rich accretionary 
complexes are commonly attributed to the release of interlayer water during the 
smectite to illitc transformation. However, to date, there has been no thorough 
analysis of the location and quantity of fluids that may be generated by this 
mechanism. To address this problem, a temperature and time dependent rate 
expression describing the dehydration reaction was coupled to a kinematic model 
of the northern Barbados accretionary complex. Temperatures in the complex 
were estimated by modeling heat flow through the prism sediments as they thicken 
arcward. The sediments' temperature-time histories were computed using a model 
for the velocities of sediment motion through the complex. In this model the prism 
sediments follow uniformly diverging paths from the toe, while the underthrust 
sediments undergo uniaxial strain. The model predictions are validated against 
clay mineralogy data from Barbados Island mudstones. Our results show that the 
location of the peak dehydration rate is 20 km farther arcward in the underthrust 
sediments than in the prism complex. The fresh water produced by the reaction 
results in pore waters that are 10-30% fresher at a distance of 50-70 km from the 
prism toe. This constraint indicates a probable fluid migration path of more than 
50 km from the reaction zone to the sites where freshened pore fluids have been 
observed. The peak rate of fluid production when expressed as the volume of fluid 
per volume of sediment per second is 2x10 -15. 

Introduction 

Perhaps the most important discoveries during Ocean 
Drilling Program (ODP) leg 110 were the chemical 
anomalies in pore waters near the decollement and ma- 
jor thrust zones [Mascle el al., 1988; Gieskes el al., 
1990]. Low chloride and high methane concentrations 
(Figure 1) demonstrated the importance of advective 
transport by fluids along faults. Vrolijk el al. [1991] 
noted that chloride concentration decreases not only 
near fault zones but also with depth and distance ar- 
cward in the prism. They concluded that the source of 
the low chloride fluid is arcward, deep in the prism. In 
addition, based on 5•sO enrichment of the pore waters, 
they suggested that the Cl-poor fluids result from the 
release of fresh water from transformation of smectite to 

illite. If the rate of water released is great enough, this 
mechanism could also contribute to high pore pressures 
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postulated to exist along the decollement [e.g., Davis 
el al., 1983; Moore and Biju-Duval, 1984]. Further un- 
derstanding of both of these problems requires a better 
estimate of the location and rate of the smectite to illite 

reaction and the quantity of water released by both the 
prism and the underthrust sediments. 

As smectite is altered to illite through a series of 
reactions, it forms a mixed layer illite/smectite (I/S) 
with increasing degrees of ordering. The reaction is pri- 
marily controlled by temperature and to a lesser extent 
by time, pressure, water/rock ratio, and composition 
of the fluid and solid phases. The temperature win- 
dow over which the reaction takes place is roughly 60- 
160øC [Perry and Hower, 1970]. Studies from sedimen- 
tary basins have attempted to correlate percent illite 
in mixed layer I/S with past peak temperature. How- 
ever, this technique is problematic because the degree 
of conversion at any given temperature also depends on 
the exposure time. Several studies have attempted to 
quantify the reaction kinetics [Eberl and Hower, 1976; 
McCubbin and Patton, 1981; Pylte, 1982; Belhke and 
Altanet, 1986; Dutta, 1986; Elliot et al., 1991; Velde 
and Vasseur, 1992; Huang el al., 1993]. These studies 
used kinetic expressions, with temperature dependent 
rate constants, to simulate I/S transformation under a 
variety of time-temperature histories. To date, similar 
approaches have not been applied to accretionary com- 
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Figure 1. (a) Location map of the eastern Caribbean showing the locations of the ODP leg 
110 transect (with sites 671 and 672, and DSDP leg 78a site 543), the seismic line along 16ø12'N 
of Westbrook et al. [1988], Barbados Island, the lithospheric subduction trace and deformation 
front of the accretionary wedge, and other geographic features. (b) Cross section of the Barbados 
accretionary wedge along the seismic line at 1601ZN from Westbrook et al. [1988]. ODP sites 671 
and 672 are shown projected onto the section. (c) Chloride and methane concentrations versus 
depth for pore waters of ODP site 671. Along the decol]ement, there is approximately 10% ]ess 
chloride than in seawater. 

plexes where the time-temperature history of accreted 
or underthrust sediments is related to the prism taper 
angie, rate of sediment accretion and subduction, heat 
flow from the oceanic basement, and sediment porosity 
distribution. 

Results of recent work on modeling temperatures and 
velocities of sediment movement during the growth of 
accretionary complexes [Bekins and Dreiss, 1992; Fer- 
guson et al., 1993; Le Pichon et al., 1990] make it pos- 

sible to use a kinetic rate expression to estimate the 
smectite to illite transformation in the Barbados accre- 

tionary complex. These models use the concept of a 
self-similar propagating wedge with a frame of refer- 
ence pinned to the deformation front [e.g., Davis et al., 
1983]. In this reference frame, sediments enter the ac- 
cretionary complex traveling at the plate convergence 
rate plus the rate of advance of the deformation front. 
At the deformation front, the incoming section is di- 
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vided by the decollement into accreted and underthrust 
sections. The accreted sediments slow down, increase 
in burial depth, and move arcward with respect to the 
deformation front as the complex grows and thickens. 
As the burial depth of the sediments increases, they are 
exposed to higher temperatures which drive the trans- 
formation of smectite to illite. The slowing of the sed- 
iments as they move arcward is an important factor in 
determining exposure time to the varying temperatures. 
This is contrasted with the rapid burial and heating of 
the sediments underthrust below the prism. These sed- 
iments move arcward with respect to the deformation 
front with little slowing and are buried by the thick- 
ness of the overlying prism. The transformation of I/S 
for this section occurs at relatively high temperatures 
because the rapid subduction and burial result in rela- 
tively short exposure times to the increasing tempera- 
tures. 

In this paper, we use this conceptual model to es- 
timate the dehydration rate and the resulting percent 
smectite in I/S for a cross section of the Barbados ac- 
cretionary prism along the ODP leg 110 transect. First, 
we present a brief geologic summary of the site. Sec- 
ond, there is a detailed description of each aspect of the 
model together with a comparison to relevant geologic 
observations. ¾Ve then use the model to reconsider es- 

timates of past burial depths for prism sediments out- 
cropping on Barbados Island. Finally, we discuss the 
rates of fluid production and the significance of the re- 
sults to the pore water chemistries observed on ODP 
leg 110. 

Site Description 

The Barbados accretionary complex is formed by 
clay-rich, hemipelagic sediments offscraped onto the 
Caribbean plate from the subducting Atlantic seafloor 
(Figure 1). Along the ODP leg 110 transect, the incom- 
ing sediment sequence on the Atlantic Plate is presently 
about 700 m thick with one third of this being accreted 
[Moore and Biju-Duvai, 1984]. Sediments in the toe of 
the prism are predominantly calcareous clays and mud- stones with thin ash layers [Moore e! al., 1988]. Mea- 
sured values of average bulk I/S content at Site 672 vary 
from 40 to 72%, and within the I/S, 78-100% of the in- 
terlayers are smectite [Tribble, 1990; Capet e! al. 1990] 
Estimates for the total age of the prism vary widely from 
late Eocene [Speed and Larue, 1982] to Late Cretaceous 
[Bouysse e! ai., 1990]. Westbrook et al. [1988] imaged 
the full cross section of the prism at 16ø12'N from the 
deformation front to the lithospheric subduction trace 
(Figure 1). At this location, the prism is approximately 
125 km wide with a taper angle of about 3.2 ø. 

Model Description 

Clay Dehydration Kinetics 

Several workers have attempted to find a kinetic ex- 
pression describing both the temperature and time de- 
pendence of the smectite to illite conversion. The com- 

plete illitization reaction takes place in three stages: (1) 
potassium ion exchange transforming smectite to illite; 
(2) dissolution of smectite and reprecipitation of illite; 
and (3) illite recrystallization. Because each stage pro- 
ceeds at a different rate, efforts to fit the observed data 
with first-order kinetic models have been unsuccessful. 

Higher-order models or combinations of first-order mod- 
els have achieved better results. Pytte [1982] success- 
fully simulated observed illite percentages in sediments 
exposed to'peak temperatures from 700 to 250øC for 
periods ranging from 450 m.y. to 10 years, respectively. 
(See also Pytte and Reynolds [1988].) This model is 
most appropriate for our application for two reasons' 
(1) it is based on data from natural geologic systems 
and thus may implicitly include other poorly under- 
stood rate controls beside time and temperature; and 
(2) it spans the wide range of temperatures and expo- 
sure times needed to simulate the very different time- 
temperature histories of the underthrust and the prism 
sediments. Pytte's model is a sixth-order reaction rate 
expression given by 

dS _ _Ae_r/aT (K/Na)S5 (1) dt ' 

where $ is the mole fraction of smectite in I/S; A is 
the fitted preexponential factor equal to 5.2x10 ? s-l; E 
is the fitted activation energy equal to 33 kcal/mol (1 
kcal=4184 J);/• is the gas constant; T is temperature in 
kelvins; and K/Na is the ratio of activities of K to Na. 
The K/Na ratio assumes that albite is in equilibrium 
with K-feldspar and depends on temperature according 
to the relation 

K/Na- 74.2e (-249ø/T) . (2) 

Figure 2 shows the result of applying this reaction 
rate model to a simple case of constant burial at 0.2 
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Figure 2. The results of the dehydration model applied 
to a simple sediment burial scenario with a geothermal 
gradient of 25øC/km. Data from Hower el al. [1976] 
are also plotted for comparison. The initial percent of 
smectite in I/S is 90%. 
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mm/yr through a 25øC/km geothermal gradient. Also 
plotted are Gulf Coast data from Hower et al. [1976]. 
The plot shows that the results of the kinetics model 
match the genera] trend of the Gulf Coast data. The 
divergence of the data from the model curve below 4 km 
may be due to exhaustion of the available potassium in 
the sediments noted by Hower et al. [1976]. At Bar- 
bados, it appears that sufficient potassium for the reac- 
tion is present in muscovite [Shipboard Scientific Party, 
1988]. Thus the reaction should not be potassium lim- 
ited if the rate of muscovite dissolution is sufficiently 
high. 

Applying this kinetic expression to an accretiondry 
complex requires estimates of temperatures and expo- 
sure times for the prism sediments. To accomplish this, 
we mode] the sediment trajectories through an ideal- 
ized prism. In addition, as the prism grows, the tem- 
peratures are periodically recomputed. The result is 
a temperature for each sediment packet in the model 
complex. 

Sediment Velocities 

Estimates of the sediment velocities in both the prism 
and the underthrust sequence are necessary to deter- 
mine the exposure time of I/S to the increasing tem- 
peratures with depth. We assume that sediments enter 
the complex at an initial velocity given by the sum of 
the normal component of the plate convergence rate and 
the advance rate of the deformation front. After pass- 
ing the deformation front, the underthrust sediments 
continue to move at the same velocity as the subduct- 
ing plate. We estimate the velocities of the accreted 
sediments using the mass balance analysis described by 
Bekins and Driess [1992]. This mass balance can be ex- 
pressed mathematically to derive a differential equation 
relating the divergence of the sediment velocity field to 
the gradient of the porosity distribution. With simpli- 
fying assumptions for the geometry of the prism and 
the paths of the sediments, this equation can be solved 
to obtain an analytical expression for the velocity field 
of the sediments throughout the prism. 

The sediment velocity solution for the prism requires 
values for the porosity distribution, the prism taper an- 
gle, the incoming sediment velocity, and the accreted 
thickness. The porosity distribution (Figure 3) used 
for this model was estimated using drill core sediment 
porosities from ODP leg 110 and porosities inferred 
from seismic velocity data by Bangs ½! al. [1990]. The 
functional form and the method of derivation are de- 

scribed in the appendix. The taper angle was taken 
from the seismic line along 16ø12'N imaged by West- 
brook e! al. [1988] (Figure lb). We used a constant 
value of 3.2 o based on a subduction angle of 2.7 o and a 
surface slope of 0.5 o . 

We use a plate convergence rate published for the 
16øN section by Minster and Jordan [1978] of 19 
mm]yr. Because the model reference frame is pinned 
to the deformation front, the velocity with which sed- 
iments enter the prism is the sum of the plate conver- 
gence rate and the advance rate of the toe due to growth 
of the prism. Le Pichon ½! al. [1990] computed the 
rate of advance for a model prism along the 16ø12'N 
section. They obtained an average value of roughly 2 
mm[yr. Adding the convergence rate and the advance 
rate of the toe yields a total relative incoming sediment 
velocity of about 21 mm[yr. 

Along the ODP leg 110 transect, the incoming sed- 
iment sequence on the Atlantic Plate is approximately 
700 m thick with one third of this being accreted [Moore 
and Biju-Duval, 1984]. The present incoming sedi- 
ments are deposited on top of the basement high of 
the Tiburon rise and thus form a relatively thin sec- 
tion. In the past, when basement troughs arrived at the 
deformation front, the thickness of incoming sediments 
was probably higher. One difficulty in formulating the 
model geometry was to approximate the time-varying 
thickness of incoming sediment with a single, represen- 
tative, mean value. We estimated this value by compar- 
ing the probable age of the prism with the time required 
to build it from various incoming thicknesses. 

Because of the uncertainty in the literature on ages 
and the known variation in accreted thickness, we con- 
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Figure 3. Porosity distribution for the model transect. Prism porosities are described by 
equation (A1) and underthrust values are given by equation (A2) in the appendix. In this 
and all the following contour plots, the vertical axis shows depth relative to the seafloor at the 
deformation front. 
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Table 1. Age Sensitivity Analysis for 16ø12•N 
Accreted Thickness, m Time to Build Prism, m.y. 

400 105 

600 68 

800 51 

900 45 

1000 41 

1200 34 

Accretion velocity is 21 mm/yr, taper angle is 3.2 ø, the poros- 
ity distribution is as shown in Figure 3, and the incoming thick- 
ness vaxys from 400 to 1200 m. 

ducted a sensitivity analysis of the relationship between 
prism age and incoming sediment thickness. Table 1 
shows the length of time required to build a prism of the 
observed size with accreted sections varying in thickness 
from 400 to 1200 m. The required times range from 
105 m.y. for a 400 m accreted section to 34 m.y. for 
1200 m. The resulting ages show that the present ac- 
creted thickness along the ODP leg 110 transect of 280 
m is much too low to have built the existing complex 
within a reasonable amount of time. Given the range 
of published ages for the beginning of the latest episode 
of subduction in the Lesser Antilles, any of the values 
from 600 to 1200 m are plausible. We chose to use the 
900 m value based on the late Eocene accretion time 

estimated by Speed and Larue [1982] for sediments at 
Barbados Island. Le Pichon et al. [1990] also obtained 
an estimate of 900 m average accreted thickness by a 
similar method. 

Westbrook et al. [1988] described an undeformed, 
kilometer-thick underthrust sequence for a distance of 
35 km arcward from the deformation front. On the ba- 

sis of the presence of a bright horizontal reflector, they 
suggest that at least part of this sequence continues 70- 
110 km arcward of the deformation front. On the basis 

of this interpretation, we modeled the smectite dehydra- 
tion in an underthrust sequence below the full width of 
the prism. The thickness of the entering underthrust 
unit along the ODP leg 110 transect is about 400 m. 

It is initially larger along seismic line 465, but some of 
the initial thickness may be underplated at 35 km before 
reaching the zone of rapid smectite dehydration. We as- 
sumed the incoming subducted thickness to be 400 m. 
As this sequence is buried below the wedge, its thickness 
decreases. The rate of this decrease is computed us- 
ing conservation of mass together with the underthrust 
porosities shown in Figure 3. In other words, if the 
subduction velocity is constant and the solid fraction 
is conserved, then the underthrust thickness decreases 
proportionately to the porosity loss. 

The resulting elapsed times since the sediments en- 
tered the complex, for both the prism and the under- 
thrust sections, are shown in Figure 4. Note that the 
ages of the arcward-most sediments in the underthrust 
sequence are almost an order of magnitude less than 
those in the prism. This younger age strongly affects 
the predicted progress of the illitization reaction as the 
temperatures of the sediments increase. 

Temperatures 

Estimating the temperatures requires a description 
of the heat flow from the oceanic basement through 
the growing accretionary complex. For this purpose, 
we used a conductive model developed by Ferguson et 
al. [1993]. This model computes changes in conductive 
heat flow through a column of sediments as the column 
moves arcward through the prism. The column of sedi- 
ments initially enters the complex with a linear temper- 
ature profile. As it moves arcward, it grows vertically 
and the average porosity decreases. At each position a 
new temperature gradient is computed which depends 
on the change in the column height and thermal prop- 
erties, the elapsed time, and the heat contributed by 
various sources. 

The model consists of three layers' (1) oceanic base- 
ment; (2) underthrust sediments; and (3) an accreted 
sediment layer. The accreted sediment layer thickens 
by pure shear at a rate determined by the taper angle 
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Figure 4. Elapsed time since entering the complex for sediments in the model transect. The 
values depend on the model velocities of sediment movement through the prism and underthrust. 
Prism velocities are computed using the method of Bekins and Dreiss [1992] with an initial 
velocity of 21 mm/yr, a taper angle of 3.2 ø, an accreted thickness of 900 m, and the poros- 
ity distribution shown in Figure 3. Underthrust velocities are constant at 21 mm/yr, and the 
underthrust thickness is 400 m. The contour labels are in million years. 
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and the rate of mass flux into the wedge. Thermal prop- 
erties of the sediments vary with porosity according to 
the relations 

kb -- kjnks(1-n) ; (3) 
(pc)o - p! c! n + p, c, (1 - n), (4) 

where k is thermal conductivity, n is porosity, c is spe- 
cific heat, p is density, and the subscripts f, s, and b 
refer to fluid, solid, and bulk, respectively. The base- 
ment heat flow was assumed to be 56 mW/m 2 [Davis 
and Hussong; 1984], and the seafloor temperature was 
held constant at 2øC. The temperature estimates ob- 
tained from the model using the geometry and porosi- 
ties given above are plotted in Figure 5. 

The temperature gradient computed by the model 
for the deformation front is 40øC/km, which is consis- 
tent with values estimated on DSDP leg 78A [Davis 
and Hussong, 1984]. In addition, at a distance of about 
120 km arcward where the estimated time of accretion 

is late Eocene (Figure 4), the average gradient drops 
to 17.3øC/km. This value compares favorably with a 
15øC/km gradient observed in the Turner Hall Well on 
Barbados Island [Schoonmaker et al., 1986]. 

The predicted temperatures give a rough idea of the 
location of the illitization window. Assuming that the 
illitization reaction begins at about 60øC, Figure 5 
shows that sediments do not exceed this temperature 
until 25-40 km arcward of the deformation front. The 

predicted maximum temperature is at the base of the 
arcward end of the model and is about 130øC. Thus 

temperatures are still below the upper end of the re- 
action window (150-160øC) when the underthrust se- 
quence is carried below the lithospheric subduction 
trace at a depth of about 8 km. 

Note that the temperature estimation model assumes 
that the sediments move through the prism as a col- 
umn, whereas the sediment velocity model described in 
the previous section uses uniformly diverging sediment 
paths. The times since accretion obtained with the two 

assumptions, however, are almost identical below the 
top 2 km of the model prisms. In addition, tempera- 
tures in the top 2 km never fall below 50øC. Therefore, 
because the temperatures in the area where the ages 
differ are too low to drive smectite dehydration, the 
inconsistent deformation assumptions will not greatly 
affect our estimates of the I/S ratios. 

Another concern with the temperature model is 
whether a purely conductive regime is valid for esti- 
mating the reaction progress. Downhole temperatures 
at the abyssal plain reference sites, DSDP leg 78A site 
543 and ODP leg 110 site 672 (Figure 1), gave sub- 
stantially different gradients. Site 543 had a gradient of 
30-50øC/km [Davis and Hussong, 1984] which is consis- 
tent with a conductive profile for a basement heat flow 
of 56 mW/m 2 expected for the 84 Ma oceanic crust. 
Site 672, however, had an anomalously high tempera- 
ture gradient of 79øC/km [Shipboard Scientific Party, 
1988]. It appears to be influenced by substantial fluid 
flow from deep in the complex, as indicated by temper- 
ature and chemical anomalies along high-permeability 
channels encountered during drilling. Thus the high 
temperature gradient probably results from heating of 
sediments along a shallow flow channel to 5øC above 
background. Ferguson et al. [1993] have shown that the 
heat flow measurements along the ODP leg 110 transect 
are inconsistent with a conductive profile. However, this 
anomalous heat flow seems to be concentrated near the 

toe, whereas the dehydration zone is farther arcward in 
the area where the temperature gradient from the con- 
ductive model is close to the observed gradient on Bar- 
bados Island. Vrolijk et al. [1991] plotted the difference 
between temperatures expected with a purely conduc- 
tive heat profile and the observed downhole tempera- 
tures from ODP leg 110 boreholes. They showed that 
although the measured downhole temperatures are not 
consistent with a purely conductive profile, the differ- 
ences are at most a few degrees. This difference is small 
compared to the 100øC range in dehydration tempera- 
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Figure 5. Temperatures computed for the model transect using the model of Ferguson e! al. 
[1993]. Parameters describing the geometry are given in the caption for Figure 4. Thermal 
properties used are k! = 0.67 W/m øC; ks = 3.0 W/m øC; p• = 2700 kg/m3; p! = 1025 kg/m3; 
e! = 4180 J/kg øC; c• = 1000 J/kg øC. Formulas relating these values to bulk quantities are 
given in equations (3) and (4) in the text. The contour interval is 10øC. 
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tures. Vrolijk et al. also found evidence that in the past, 
fluids flowing in faults may have been as much as 18øC 
warmer than the surrounding sediments. However, in 
this case, the anomalous temperatures are highly lo- 
calized to the 10 or 20 m surrounding the faults. Thus, 
although advective heat transport increases the temper- 
atures along the faults and the heat flow near the toe, 
we do not expect it to be very important for driving the 
dehydration of the majority of the smectite. 

Modeling Results and Discussion 

The contour plot in Figure 6 shows the percentage of 
illite present in I/S computed for the sediments in the 
model prism using equations (1) and (2). In both the 
prism and underthrust, the conversion from smectite to 
illite takes place over a horizontal distance of 60-80 km. 
Thus the interlayer water is released gradually over a 
large region. The 20% illite contour is about 10 km 
farther arcward in the underthrust section than in the 

prism reflecting a deeper onset of the reaction. This re- 
sults from the shorter exposure time for the underthrust 
sequence to the necessary reaction temperatures. 

Comparison to Barbados Island Data 

The model can be checked by comparing the results to 
the fraction of illite in I/S determined for the basal com- 
plex of Barbados Island by $choonmaker et al. [1986]. 
Figure 7a shows their measured percent illite plotted 
against depth below the current land surface for the 
top 1500 m of sediment in the Turner Hall Well on Bar- 
bados Island. The values are scattered but range from 
40 to 50% illite. Using a geothermal gradient of 150/km 
and data from sedimentary basins, Schoonmaker et al. 
inferred 1.3-3.3 km of past burial. Although they noted 
the importance of kinetics in the I/S reaction, its effect 
on their estimates was beyond the scope of their study. 
They also analyzed vitrinite reflectance data and con- 
cluded that these data were consistent with a previous 
burial of 3.0 km. 

Extrapolating results from Barbados Island north- 
ward to the latitude of our model transect requires a 
comparison of the accretion history at the two locations. 
Speed and Larue [1982] interpreted the rocks in the basal 
complex as hemipelagics, turbidites, and debris flows 
that were accreted in the late Eocene (36-40 Ma). Fer- 
guson et al. [1993] estimated that sedimentation rates 
for the incoming Atlantic crust in the north and the 
south of the Barbados subduction zone were similar un- 

til the early Miocene. The greater width of the complex 
in the south is attributed to a thicker incoming sediment 
section caused by growth of the Orinoco fan since the 
early Miocene. The thickness of the sediments at the 
ODP transect is not currently affected by this sediment 
source due to the basement high of the Tiburon rise 
blocking northward transport of these sediments. On 
the basis of Ferguson et al.'s sedimentation rates, we 
assume that the advance rate in the north was similar 
to that in the south from the time subduction started 

to the early Miocene when the sediment supply in the 
south increased. In the early Miocene, rapid uplift be- 
gan at the location of Barbados Island. Larue et al. 
[1985] estimated the total uplift since that time to be 
1-5 km. This uplift eventually raised the basal complex 
rocks exposed at the surface of Barbados Island out of 
the illitization temperature window. To compare the 
results of our model of illitization to the Barbados Is- 

land data, we infer that most of the smectite to illite 
conversion took place before the early Miocene, during 
the interval when the time-temperature histories of the 
northern and southern parts of the complex were sim- 
ilar. After this time, the basal complex rocks at Bar- 
bados Island were raised out of the reaction window, 
preserving the early history of the rocks in the illite 
percentages. 

In Figure 7b, the fraction of illite for the section of 
the model prism accreted at 40 Ma (Figure 4) is plot- 
ted against depth. The time-temperature history of this 
section should be roughly equivalent to that of the basal 
complex on Barbados Island before uplift began in the 
Miocene. In the model estimate, the depth interval for 
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Distance Arcward (km) 

Figure 6. Percentage of illite in I/S computed for the model transect using the ages shown in 
Figure 4 and temperatures in Figure 5 with a rate law given in equations (1) and (2) in the text. 
The initial amount of illite in I/S is set to 10%. 
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Figure 7. (a) Percentage of illite in I/S interlayers 
for mudstones of the basal complex on Barbados Island 
(data from Schoonmaker et aL [198•]). (b) Percentage 
of illire in I/S plotted as a function of depth for the 
column of the model transect that corresponds to 40 
m.y. since accretion. (c) Model profile fitted to the 
data by assuming that at least three thrust slices are 
present. The fitted curves represent postmetamorphic 
uplifts of 2.7, 2.9, and 3.7 km. 

40-50% illite corresponds to 3.8-4.3 km below the sur- 
face. The temperature of 75øC corresponding to 40% 
illite in the model prism is at the high end of the range 
observed for this value in sedimentary basins because 
in the Barbados Prism the temperature exposure time 
is shorter. Figure 7c shows the model curve superim- 
posed on the data assuming various values of uplift. 
The slope of each model curve gives a good match to 
the data. The lower data are consistent with an uplift of 
2.7 km, while the upper data indicate 3.8 km of uplift. 
These uplift values span the the 3.0 km value obtained 
from vitrinite reflectance by Schoonmaker et al. [1986]. 
Moreover, they lie within the range of 1-5 km estimated 
by Larue e! al. [1985]. Our values are higher than the 
1.3-3.3 km range presented by Schoonmaker et al. be- 
cause their estimate did not account for kinetic effects. 

Thus, overall our model results are consistent with cur- 
rent understanding of the geologic history for Barbados 
Island. 

Distribution of Fluid Production 

The model results can also aid in understanding the 
origin of anomalous pore fluids at the ODP leg 110 sites. 
The volume of water produced in the reaction can be 
estimated using an initial average bulk percent of smec- 
tite containing 20% water by weight [Burst, 1969]. Fig- 
ure 8a is a contour plot of the rate of water release 
by smectite dehydration per volume of sediment. An 
initial value of 40% bulk smectite was used for the com- 

putation. The highest value of water production is an 
order of magnitude below the peak rate for compaction- 
generated fluid sources (Figure 8b). However, since 
compaction sources drop quickly with distance arcward, 
the dehydration sources are comparable to the com- 
paction sources ~20 km arcward of the deformation 
front. Figure 8c shows the sum of smectite and com- 
paction sources. Note that the is a maximum in fluid 
production located in the underthrust between 50 and 
80 km. 

Bangs e! al. [1990] computed porosity from seismic 
velocity for the seismic line along 16 ø 12'N. They found 
a high-porosity anomaly in the underthrust between 60 
and 70 km. In this area, their computed porosities in- 
creased from 10% to over 20%. The location of this 

anomaly is in the center of the predicted area of peak 
fluid production. This correspondence in location lends 
validity to the model results. In addition, the lab stud- 
ies of Brown et al. [1994] suggest that an increase in 
porosity of this magnitude is probably due to dilation 
of fractures. If this were occurring, it would necessarily 
be driven by a source of fluid such as the illitization 
reaction. 

The effect of using to other dehydration kinetics ex- 
pressions in the model was investigated. The expres- 
sion of Eberl and Hower [1976] shifted the reaction con- 
tours seaward about 10 km, thus advancing the reac- 
tion. Those of Dutta [1986] and Huang et al. [1993] 
shifted the contours about 20-30 km arcward, delaying 
the reaction. Note that a with shift in either direction 

the location of the peak fluid generation zone would no 
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Figure 8a. Contour plot of log volume of fluid per 
volume of sediment per second released by clay dehy- 
dration. 
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Figure 9. Volume rate of fluid released per volume of 
sediment for packets of sediment moving through the 
prism and the underthrust sequence. 
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Figure 8b. Water released by compaction. 
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Figure 8c. Sum of compaction and smectite sources. 

longer correspond to the position of the high porosity 
anomaly of Bangs el al. [1990]. 

Figure 9 compares the rate of fluid production from 
a sediment packet just above the decollement, in the 
prism, to one just below the decollement, in the under- 
thrust. The peak rate of fluid release from the under- 

thrust sediment packet is an order of magnil ade higher 
than the prism sediment packet. However, over time, 
the same total volume is released from a unit volume of 

sediment in both sections because the complete dehy- 
dration reaction in the prism takes 40 m.y., whereas in 
the underthrust it takes only 4 m.y. The peak values of 
the dehydration sources in the prism occur 50 km from 
the deformation front, while those in the underthrust 
are located about 75 km arcward. 

These results are based on a simplistic representa- 
tion of the actual sediment paths. The actual sedi- 
ment paths are affected by underplating and shear cou- 
pling between the underthrust and the prism. Thus the 
model burial rates are probably too high for at least part 
of the underthrust section and are too low for sediments 

near the base of the prism. However, the estimated re- 
action rates provide upper and lower bounds for those 
of the real system. Thus the curve in Figure 9 for the 
model underthrust represents the fastest possible reac- 
tion rates, while the curve for the prism represents the 
slowest possible rates for the base of the prism. 

Comparison to Observed Water Chemistry 

An important aspect of this problem is that conver- 
sion from smectite to illite takes place over a distance 
of 60-80 km (Figure 6). The fresh water is thus released 
gradually. Previous computations of the degree of fresh- 
ening possible from the reaction assume instantaneous 
release of a volume of water corresponding to nearly 
complete conversion of smectite to illite [e.g., Tribble, 
1990; Vrolijk el al., 1991]. Since the reaction actually 
releases only a fraction of the total available water at 
each location in the reaction window, a mechanism is 
needed to explain how the fresh water accumulates in 
the sediments as the reaction progresses. 

One possible explanation is that fluid flow patterns al- 
low the fresh water to accumulate. Figure 10 shows the 
percent freshening of pore water that would occur under 
conditions of no fluid flow. As sediments move through 
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Figure 10. Predicted concentration of pore waters from release of fresh water during illitization 
assuming no fluid flow. 

the complex, the fresh water generated during illitiza- 
tion accumulates in the pore space. Figure l c indicates 
that the anomalous pore water along the decollement at 
site t371 is 10% fresher than seawater. Without account- 

ing for any mixing, this pore water must have orginated 
at least 50 km arcward of the deformation front. Simi- 

larly, pore waters observed at site t374 (17 km arcward 
of the deformation front) are $0% fresher than seawa- 
ter [Moore et el., 1988] and must flow at least 57 km 
arcward if illitization is the cause of the freshening. 

N. ote that Figure 10 assumes no flow conditions. Scre- 
aton et el. [1990] have argued that the only net flow 
seaward out of the complex is along the decollement. 
Figure 11 is a plot of a flow field generated by expand- 
ing their model to the full width of the prism and in- 
cluding fluids produced from illitization. The arcward 
boundary is assumed as no flow, and the decollement 
permeability is 10 -13 m 2 . This larger model also sug- 
gests that the only flow out from the base of the com- 
plex is channeled along the decollement. Thus, in the 

• 1.0E-08 m/s --> 1.OE-09 m/s -• 1.OE-10 m/s ß 1.0E-11 m/s 

•'igure 11. Flow velocity field for the modeled section obtained by extending the model published 
by Screeton et el. [1990]. The results indicate that flow out of the base of the complex is confined 
to the decollement zone. 
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prism and underthrust sediments, flow velocities are ar- 
cward allowing the fresh water from dehydration to ac- 
cumulate. At some point the fluids must then follow a 
flow path to the decollement where they are channeled 
seaward out of the complex. A likely location for this 
process would be the center of the reaction zone in the 
underthrust and prism where the peak fluid production 
rates are highest. In this area the fluids are sufficiently 
freshened, and the fluid production rate may be high 
enough to intermittently cause opening of fractures pro- 
viding a flow path to the decollement. This hypothesis 
is consistent with the increased porosity for this area 
given by Bangs et al. [1990]. Under this scenario, the 
actual length of the flow path for the freshened fluids 
is much longer than previous estimates. The distance 
to the toe from the peak production area of the under- 
thrust is around 75 km, and the distance for the base 
of the prism is about 50 km. 

Conclusions 

We have presented an application of a kinetic, tem- 
perature dependent, smectite dehydration model to a 
hypothetical transect across the northern Barbados ac- 
cretionary complex. The model used was tested against 
well data from the Gulf Coast. We compared the model 
predictions to the percent illitc in I/S published for 
mudstones from Barbados Island [$choonmaker et al., 
1986]. This comparison indicates that the model results 
are consistent with the published I/S values and uplift 
estimates for Barbados. Using the model, we estimated 
vertical uplift distances ranging from 2.7 to 3.7 km. 

The results also provide a more precise quantitative 
estimate of the location and quantity of fluids produced 
by the dehydration reaction. The peak production rate 
occurs 50 to 75 km from the sites of low chloride obser- 

vations at the toe of the prism. This rate ranges from 
2x10 -•5 s -• in the underthrust to 3x10 -16 s -• in the 

prism. The peak value predicted for the underthrust is 
comparable to the rate from sediment compaction about 
20 km from the deformation front. The location of the 

peak production rate in the underthrust corresponds to 
the area of a high porosity anomaly presented by Bangs 
et al. [1990]. Percent freshening predicted under no- 
flow conditions indicates that pore fluids must migrate 
more than 50 km from the reaction zones to the ODP 

leg 110 observation sites. 

Appendix- Model Porosities 

The sediment porosity describes the ratio of void 
space to total volume. Thus the porosity affects the 
amount of fresh water released by a unit volume of sed- 
iment as smectite goes to illitc. In addition, values for 
sediment porosities are required to estimate the sedi- 
ment velocities in the prism. We allow the prism sedi- 
ment porosity to vary with depth and distance arcward 
from the deformation front. Estimates were constrained 

by a combination of borehole porosity measurements 
from ODP leg 110 Site 672 and seismic velocity-porosity 

determinations made by Bangs et al. [1990] for line 465, 
located 75 km north of the ODP leg 110 transect. The 
seafloor porosity value varies linearly from 71% at the 
deformation front to 55% at 80 km arcward. The rate 

that porosity varies with depth also changes linearly to 
yield a value of 10% for the sediments at base of the 
prism at 80 km arcward of the deformation front. The 
resulting prism porosity function has the form 

n(x, z) - (71.0 - 0.16x)e -(ø'82-'ø'øøSq•)z, (A1) 

where n is porosity, x is distance arcward from the de- 
formation front in km and z is depth below the seafloor 
in km. The underthrust porosities follow a different 
relation to account for their underconsolidated nature. 

We assigned a uniform underthrust porosity with depth 
but allowed the value to vary with distance arcward. 
The initial value is 60% at the deformation front. Then 

below the prism the porosity decreases linearly to 10% 
at 80 km arcward' 

- 60.0 - 

At about 80 km arcward of the deformation front, the 
underthrust porosities drop to values which are equiv- 
alent to those in the overlying prism. Therefore, ar- 
cward of this distance, the underthrust porosities are 
determined from equation (A1). 
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