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Abstract
The internal structure of a convergent plate boundary was the focus of ODP Leg 170 in 1996 at the subduction zone
off Costa Rica. Although the structure of the subduction zone is rather well known from seismic surveys, prior to
drilling of ODP Leg 170 it was a matter of discussion whether it is accretionary or non-accretionary. With a neural
network approach, we confirm the evidence gained during drilling of Leg 170, that at least presently no lower-plate
sediments are transferred to the upper plate by accretion. To supplement lithological information, Logging-WhileDrilling geophysical data have been included in this study and were interpreted in terms of lithology using a genetically
trained artificial neural network. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Costa Rica belongs to the Central American
volcanic arc system where the Cocos Plate has
been being subducted beneath the Caribbean
Plate for at least 90^100 Ma [1]. The convergent
Costa Rica Plate margin has been extensively
studied by geophysical investigations during the
past 10 years [2^9]. One of the early ¢ndings
was that a major part of the strata approaching
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the subduction zone is underthrust beneath the
toe of the margin, and that the thickness of the
sediments distinctly decreases within the ¢rst few
kilometers landward of the trench (Fig. 1). This is
interpreted presumably as a result of signi¢cant
dewatering [10]. The mechanisms of accretion
and underplating, tectonic erosion, deformation
and dewatering, however, are still not unequivocally established [9].
During ODP Leg 170 the convergent margin o¡
the Paci¢c coast of Nicoya, NW Costa Rica, was
drilled. The general objectives of Leg 170 were to
determine the sediment, chemical, and £uid mass
balances within the subduction complex and the
larger subduction system (including the volcanic
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arc). One of the primary results was that most of
the lower-plate sediment is bypassing the toe region through underthrusting [11]. In this study we
give more precise data for the compaction process
by correlating the reference section Site 1039,
which is situated in front of the trench on the
Cocos Plate, with the underthrust section below
the dëcollement at Site 1043 on the Caribbean
Plate (Fig. 1) with the aid of an arti¢cial neural
network. The distance between the two sites is
about 500 m. We interpret Logging-While-Drilling (LWD) geophysical data in terms of lithology
using an arti¢cial neural network. In combination
with other geophysical parameters this enables us
to quantify the rate of £uid expulsion out of the
underthrust section.
LWD data are measured during the drilling
process at the frontal part of the drill string and
are thus of outstanding quality. It is, therefore,
possible to avoid measurement errors due to borehole breakouts and irregularities produced by the
borehole liquids [11]. We demonstrate that the
automated lithological interpretation by arti¢cial
neural networks is a highly feasible tool. Based on
our correlations we con¢rm that in the outermost
part of the Costa Rican Plate margin virtually no
sediment is scraped o¡ from the subducting Cocos
Plate and accreted to the overriding Caribbean
Plate. Compaction a¡ects predominantly the
upper part of the subducted sedimentary pile.
2. Stratigraphy and material
The Cocos Plate carries a succession of hemipelagic and pelagic sediments from Early Middle
Miocene (approximately 16.5 Ma) to Holocene
[10]. The reference section Site 1039 covers the
complete and undeformed succession from Middle Miocene to Quaternary sediments and terminates in a gabbroic sill. Three sedimentary and
one intrusive unit were distinguished at Site
1039 [10] (from top to bottom):
b

Unit U1 consists of dark olive green diatomaceous ooze with ash layers. It is further subdivided into Subunit U1A (Holocene to Pleistocene; 0^5 mbsf), distinguished by abundant

b

b

b

graded sand layers interpreted as turbidites,
and grades downward into Subunit U1B (Pleistocene; 5^84 mbsf), where graded sand layers
are sparse to absent;
Unit U2 is distinguished by a sharp decrease in
biogenic sediment. Subunit U2A (Early Pleistocene to Late Pliocene; 84^133 mbsf) consists of
dark olive green silty clay, and grades downward into Subunit U2B (Late to Early Pliocene; 134^152 mbsf). Subunit U2B is a dark
olive green silty clay interbedded with light
olive green calcareous clay; ash layers are common throughout Unit U2;
Unit U3 records a sudden increase in biogenic
sedimentation from the nearly barren clays of
Unit U2 to calcareous and siliceous oozes. Subunit U3A (Early Pliocene to Late Miocene;
152^180 mbsf) is composed of ivory colored
siliceous nannofossil ooze interbedded with calcareous clay; ash layers are sparse. Subunit
U3B (Late to Middle Miocene; 180^280 mbsf)
consists of ivory to light green and mottled siliceous nannofossil ooze with minor ash layers.
Subunit U3B grades downward into Subunit
U3C (Middle Miocene; 280^378 mbsf), and
consists of a mottled ivory-colored calcareous
ooze, interbedded in the lower part with siliceous ooze and matrix-supported breccia of calcareous ooze clasts.
Unit U4 (378^381 mbsf) consists of ¢ne- to
medium-grained glassy pyroxene gabbro with
plagioclase glomerocrysts. Multiple chill zones
were recovered within the gabbro re£ecting its
intrusive origin.

Drilling at Site 1043 penetrated the toe of the
wedge into the underthrust sequence (Fig. 1). One
lithologic unit is de¢ned at this site above the
dëcollement: Unit T1 (Recent to Early Pliocene;
0^150.5 mbsf) consists of thick intervals of clay
and silty clay interbedded with relatively thin intervals of matrix-supported breccia. Thin layers
and small pods of volcanic ash, and interbeds of
silt and sand, appear throughout Unit T1. Below
the dëcollement, Units U1B through U3A of the
reference Site 1039 were recognized by the shipboard scienti¢c party. Coring stopped just above
the contact with the nannofossil ooze. The 5.5 m
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Fig. 1. (Top) Bathymetric map of the Middle America Trench o¡ the Nicoya Peninsula, Costa Rica, showing the location of the
seismic line CR-20 [3] and the ODP Sites 1039^1043. (Bottom) Part of the depth-migrated seismic line CR-20 showing the penetration depth of Sites 1039, 1040, and 1043 [10].
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Table 1
Comparison between lithology, Logging Units [10], and Cluster Units
Unit

Subunit

Depth (mbsf)

Age

Corresponding
Logging Unit

Corresponding
Cluster Unit

U1

U1A

0^5

Holocene to
Pleistocene

Logging Unit 1

C1A

U1B

5^84

Pleistocene

U2A

84^133

Early Pleistocene to
Late Pliocene

U2B

134^152

Late to Early
Pliocene

U3A

152^180

Early Pliocene to
Late Miocene

U3B

180^280

Late to Middle
Miocene

U2

U3

U3C
U4

280^378 in Hole B;
363^445 in Hole C

C1B; ashes de¢ned
as C5

Logging Unit 2

C2

Logging Unit 3

C3; ashes de¢ned
as C6

Logging Unit 4

C4

Middle Miocene

378^382 in Hole B;
423^445 in Hole C

thick turbidite-rich Subunit U1A of Site 1039 was
not observed in the cores at Site 1043 [11].
3. Methods
In situ downhole measurements were collected
using the LWD technology. The LWD logs used
in this study respond to several petrophysical
properties. Bulk density (romt) and resistivity
(psr) logs re£ect changes in porosity, while gamma ray (gr) and photoelectric factor (pef) logs
re£ect changes in lithology, e.g., clay mineral
abundance [12].
For a detailed correlation of Sites 1039 and
1043, a high-resolution stratigraphy was established to allow for the comparison of the two
sites, one of which (1043) was not entirely cored.
The logged records have been divided into four
`Logging Units' (Table 1) based on obvious

changes in the log response [10]. Since the intention of this study was to establish a correlation as
detailed as possible we used a cluster analysis to
de¢ne more di¡erentiated units from the LWD
logs. It was possible to distinguish seven di¡erent
cluster units in the logs of Site 1039 (Fig. 2, Table
1).
The set of four geophysical parameters selected
from the LWD logs for this study is interpreted in
terms of lithologic composition. Ideally, the chosen parameter set contains full lithological information; in this case the facies units can be
mapped uniquely by the cluster units represented
in the data. In our study the choice of parameters
and the high quality of the LWD data enable a
high degree of correlation between cluster and
lithologic units (see Table 1). This allows for an
accurate lithological interpretation by an automated algorithm. Here, we use a genetically
trained arti¢cial neural network to do this task,
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Fig. 2. Cluster analysis of selected parts of Hole 1039 D. As an example, the cross plot of gamma ray vs. photoelectric factor is
shown.

a new approach which allows a highly accurate
interpretation of the data. Its details are described
in Section 4.
4. Neural network approach
Arti¢cial neural networks are data processing
devices useful for modeling large amounts of
data, in particular when the exact relationships
between di¡erent variables are not known or too
complicated to derive exact models. Neural networks are trained in a training phase and, after
training is completed, can be used to interpret yet
unknown data. Therefore, they are useful for
many geological problems of interpreting large
amounts of empirical data. The application of arti¢cial neural networks to geological problems is a
relatively recent approach. Baldwin et al. were the
¢rst to propose the use of neural networks for
identi¢cation of lithologies [13]. Wiener et al.
showed that porosities can be estimated using a
neural network [14]. The development of the application of neural networks on well log interpretation is summarized in [15].
Arti¢cial neural networks were originally motivated by biological neural networks (for an overview and a collection of classical papers see [16]).
Such devices are capable of parallel data processing and are well suited for pattern recognition and
data classi¢cation or clustering tasks. A neural
network is trained with a training data set in or-

der to create an internal representation of clustered data. It can perform such tasks even when
the volume, number of variables or the diversity
of the data is very large [17]. In the present case
this ability is used to obtain a representation of
the cluster units in such a network, on which basis
the facies units will be classi¢ed during the automatic interpretation of lithology.
A neural network consists of interconnected

Fig. 3. Interconnected computing cells of a neural network:
four input cells receiving the values of four input parameters; seven intermediate processing units; seven output cells,
representing seven di¡erent cluster units.
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computing cells (sometimes called `neurons' after
their biological counterparts). The connections
between the neurons transmit signals with di¡erent strengths, given by an associated weight value
for each connection. The application of an arti¢cial neural network consists of two phases: (1) a
training phase, during which the network learns
and (2) a utilization phase during which the network can be used to interpret new unknown data.
During the learning phase, the network learns to
predict a desired output from a training data set
by iteratively modifying the weights and comparing the predicted output with the given desired
one.
The neural network used here consists of a
number of interconnected computing cells (Fig.
3): four input cells receive the values of four
LWD logging parameters: resistivity, bulk density, photoelectric e¡ect, and gamma log. These
signals are transmitted to seven intermediate processing units and subsequently to seven output
cells, representing seven di¡erent cluster units
(C1a, C1b, C2, C3, C4, C6, and C7). These layers
of computing cells are interconnected with di¡erent strengths, given by an associated weight value
for each connection. The total number of 91
weights is determined during a training phase,
where the network learns the correlations between
LWD logs and the corresponding facies, de¢ned
by the Cluster Unit. In our case, a training data
set of 176 representative values is taken from Site
1039 D, where both LWD logs and lithological
data were available. Standard procedures exist
for this training task, for example back-propagating the error through the network [18]. These
standard training procedures, based on so-called
gradient descent optimization, do not guarantee
obtaining the optimal trained network for a given
dataset. This is, however, a crucial requirement
for a high-resolution LWD interpretation as required in the present study. Therefore, we use
here an approach based on a global optimization
technique to adjust the weights, called a genetic
algorithm [19]. This method of well log interpretation using neural networks trained with genetic
algorithms has been applied ¢rst and described in
detail in [20].
The basic principle of a genetic algorithm is an

optimization procedure that is inspired by biological evolution. In the current problem, 50 neural
networks are set up to compete with each other,
and by a procedure of selection of the ¢ttest, reproduction, mutation and crossover, the quality
of the networks is gradually increased (Fig. 4).
For the purpose of this algorithm, each network
is represented as a binary number by encoding the
weights as a sequence of binary numbers, each
string of numbers de¢ning an individual neural
network. An initially random set of networks,
i.e. random strings of binary numbers, is evaluated by comparing the actual output of the networks with the desired output, that is, in this case,
the correct lithologic unit as known from Site
1039 D. The neural networks with the lowest performance are removed whereas successful networks are reproduced. Thus the optimization
process involves the principle of `survival of the
¢ttest'. By means of simulated mutation and
crossover new networks are produced on the basis
of the successful networks. This procedure is iterated until the networks converge towards the desired output, usually for a few thousand iterations. The resulting network is then ready to
interpret geophysical LWD data in terms of lithological facies as de¢ned by the Cluster Unit.
The neural network used in this study was
trained using a training data set of 176 values.
The data set consists of a list of input parameters
and the corresponding facies, de¢ned by the Cluster Unit. The network was allowed to learn until
no further e¡ective improvement occurred. The
trained network then was used to interpret the
complete geophysical data from the Sites 1039
and 1043.
5. Results
After successful training, we used the network
to interpret the LWD data from Sites 1039 and
1043. To evaluate the prediction capabilities of
the network when confronted with new, unknown
data, we ¢rst tested the trained network by comparing its interpretation of the geophysical well
logs from Site 1039 to the known lithologies
from this well. Since lithologies are known at
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Fig. 4. Principle of genetic algorithms. Individual networks are encoded as strings of binary numbers. An initially random population is evaluated. Selection, reproduction and simulated crossover and mutation increase the ¢tness of the population (from
[20]).

Site 1039 from cores, the interpretation of the
network can be taken as an evaluation of its performance. Fig. 4 compares the output of the
trained network with the Logging Units and lithologies de¢ned by the shipboard scienti¢c party of
Leg 170.
Fig. 4 illustrates that the boundaries of the
Cluster Units of Site 1039 identi¢ed by the network correlate closely with the Logging Units of
the same site. Cluster Unit C1A (`turbiditic
layers') is found to correlate to the lithologic
Unit U1A in the uppermost section (from 0 to
4 mbsf). The lithologic Units U1B (diatomaceous
ooze), U2 (silty clay) and U3 (calcareous ooze)
correspond to the Cluster Units C1^C3. Lithologic Unit U4 (pyroxene gabbro) is recognized
as Cluster Unit C4 at a depth of 395 mbsf. Errors
of correlation between the units are in the range

of a few to less than a meter. The ash layers
(Cluster Units C5 and C6) interpreted by the neural network correlate exactly with major ash
layers described in the cores of 1039 (i.e. at
84 mbsf, 91 mbsf, 351 mbsf; not shown in the
lithology column of Fig. 4). The distinction between Cluster Units C2 and C6 is sometimes ambiguous since they are features of very similar
geophysical parameters which is demonstrated in
the overlap of the clusters (Fig. 2). These units,
however, are restricted to depth intervals which
do not overlap, thus allowing for an exact correlation.
After this proof of the quality of our trained
network for lithologic interpretation, the trained
and evaluated network was employed to interpret
the cluster units from the geophysical data of the
lower part of Site 1043 from the dëcollement at

Table 2
Pore space volumes of the incoming sediments, derived by summation of LWD neutron porosity log
Cluster
Unit

Thickness
(m)

Initial porosity
(1039)
(%)

Initial £uid
content (1039)
(m3 /m2 )

Compaction
(1043)
(%)

Derived
£uid content
(1043 B) (m3 /m2 )

Di¡erence
(£uid expulsion)
(m3 /m2 )

C 1B
C2
C3
Sum

114
71
206
391

80
82
63

91
58
130
279

71
80
0
86

64
46
130
240

27
12
0
39
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Fig. 5. Correlation between reference section at Site 1039 and the section below the dëcollement at Site 1043 using the output of
a genetically trained neural network. Also shown is the lithology and Logging Units (taken from [10]), and the calculated compaction. Note: only Units C1 and C2 show compaction e¡ects. See text for further explanation.
C

147 mbsf down to total depth of 471 mbsf. This
site was only cored down to a depth of 282 mbsf.
Comparison of the output of the network for Site
1043 with that of Site 1039 (Fig. 5) indicates that
the lithologic succession of Site 1043 is very similar to that of Site 1039. Almost the entire sedimentary column of the subducting plate is present
in the underthrust section of Site 1043. Main differences are the missing Cluster Unit C1A (`turbiditic layers') at the top, and the basal Cluster Unit
C4 (gabbro). The absence of Cluster Unit C4 is
due to the fact that drilling did not proceed all the
way down to the basaltic sill at Site 1043. LWD
drilling stopped at a total depth of 482.3 mbsf, the
sill was projected at V490 þ 10 mbsf. Based on a
drastic reduction in the rate of penetration and a
piece of broken basaltic material at the drilling bit
after pulling out the drill string it is thought that
drilling stopped more or less directly above the
basal gabbroic sill [10]. Major ash layers identi¢ed
at Site 1039 are clearly detected at Site 1043 (e.g.,
at 205, 210, 446 mbsf).
In the section of Site 1043 directly beneath the
dëcollement (150^170 mbsf) a displacement of
bulk density, resistivity and gamma ray log up
to higher values is observed. This is probably
caused by a signi¢cant dewatering of this section
directly below the dëcollement [10]. The shift of
the geophysical data compared to the respective
interval at Site 1039 results in an overestimation
of the thickness of ash layers in the output of the
network.
The detailed correlation allowed an estimation
of the compaction in the individual Cluster Units
of the underthrust section of 1043. Cluster Unit
C1B is compacted to 71% and Cluster Unit C2 to
80% of the thickness of the corresponding Cluster
Unit in the reference hole. Based on the correlation using the identi¢ed ash layers, compaction is
thought to be virtually absent in Cluster Unit C3
(Fig. 5). Reduction in thickness of this unit is only
observed in the interval from 447 to 453 mbsf.
Assuming that the reduction in thickness is

solely a result of loss of porosity and that the
pore space is completely saturated initially, we
used the determination of compaction in the individual Cluster Units for a simple estimation of
£uid expulsion: taking an initial £uid content of
about 279 m3 /m2 (derived by summation of the
LWD neutron porosity log [10]) and a total compaction of 86% for the complete incoming strata,
we derive a total volume of around 39 m3 /m2
£uid, which is expelled during the ¢rst 500 m of
subduction (Table 2, Fig. 5).
Taking a convergence rate of about 91 mm/year
[21] the subduction of the incoming sediments
(distance between the dëcollement tip line and
Site 1043 = 500 m) is achieved in approximately
5500 years. The resulting £uid expulsion per m2
would then be 0.007 m3 /year assuming a linear
relation. The total volume of expelled £uids over
this distance (regarding a slice of 1 m in width)
accumulates to 3.5 m3 /year. The derived £uid £ow
is a rough estimation, because de¢nition of actual
£uid £ow requires detailed knowledge of pathways and pressure gradients within the subducted
sediments.
6. Discussion
The correlation between Sites 1039 and 1043
enabled us to assess changes in thickness of the
individual sedimentary units. Our correlation corresponds to the correlation based on ash layers by
Saito and Goldberg [22] but includes all lithologies present in the boreholes. Moreover, our neural network approach avoids the subjectivity inherent in visual approaches. The correlation
showed reduced thicknesses in Cluster Units C1
and C2 of the underthrust section of Site 1043
(Fig. 5). The overriding Caribbean Plate is
thought to have rapidly compacted these sedimentary units during the subduction process. A similar response to the subduction was not found in
the lower Cluster Unit C3.
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Factors explaining the reduced compactibility
of Cluster Unit C3 could be: (1) its greater age,
(2) its lower porosity and, therefore, its lower permeability, and (3) a longer upward path of £uid
drainage. Additionally, the diatoms of lithologic
Unit U3 are able to withstand the pressure of the
overlying masses and, therefore, largely preserve
their initial porosity. Also the low heat £ow at the
Costa Rica convergent margin [23], resulting in
less dissolution of diatoms compared to other
areas, may play an important role. This can
work both ways as dissolution and reprecipitation
of a small amount of silica as cement could
strengthen the sediments considerably (B. Clennell, personal communication).
Between 447 and 453 mbsf of Unit C3 at Site
1043 a reduction in thickness is observed. Based
on core descriptions this interval is composed of a
matrix-supported breccia [10] which was not observed at Leg 170 Site 1040 (Fig. 1) where cores
are available down to the basaltic sill layer. We
therefore suggest that this interval is primarily
missing at Site 1043 and that the reduced thickness is not necessarily a result of compaction.
Similarly, the top 5 m (turbiditic layers) of the
sedimentary column are missing in the underthrust section of Site 1043 (Fig. 5). A seismic pro¢le run between these sites shows, however, that
this uppermost turbiditic layer pinches out before
reaching the base of the slope. Silver et al. interpreted the absence of the turbiditic layers as a
result of bottom currents [24]. Our analysis of
the LWD data con¢rms that the complete succession of sediments approaching the subduction
zone (cored at reference Site 1039) is found in
the underthrust section of Site 1043. This means
that little if any of the incoming sediment is accreted frontally to the upper plate. This interpretation is strengthened by the composition of sediments above the dëcollement at Site 1043 (Unit
T1). If the deformed sedimentary wedge at Site
1043 were composed of material scraped o¡ the
subducting Cocos Plate, then the composition of
the sediments should be similar to those drilled at
Site 1039. These sediments are rich in carbonates
in the lower part (lithologic Unit U3, see Table 1)
and change to diatomaceous rich hemipelagic
clays in the upper part (lithologic units U1B^

U2B, see Table 1). The sediments above the dëcollement are of very di¡erent composition and
show hardly any resemblance to the reference
site [10]. They consist predominantly of pure clays
with rare fossils. It seems likely that these sediments represent material of the sedimentary apron
that has been shed downslope to the toe of the
slope [25]. A lithologic unit similar to the green
diatomaceous ooze with ash layers of Unit U1B
or the ivory colored siliceous nannofossil ooze of
Unit 3B has not been observed in sections above
the dëcollement at Sites 1040 and 1043. If there
was frontal o¡scraping, at least some of these
sediments should occur in the sedimentary wedge
above the dëcollement. Additional evidence for
the complete subduction of the incoming strata
comes from Site 1040 [10] where again only the
top few meters of the turbidites present at Site
1039 are missing. Although this `point study' is
based on only two drilling sites it supports the
notion of presently non-accretionary conditions
along the Middle America Trench o¡ Costa Rica.
7. Conclusions
High-resolution correlation of ODP Sites 1039
and 1043 (Leg 170) o¡ Costa Rica based on lithological interpretations of geophysical LWD data
was performed using a genetically trained neural
network. The correlation of the two sites con¢rms
that (1) signi¢cant £uid expulsion occurs very
early in subduction history, (2) compaction a¡ects
the underthrust section depending on lithological
behavior, and (3) the model of sediment accretion
at the Costa Rican convergent margin that was
accepted prior to the drilling of ODP Leg 170
fails to explain the completeness of the incoming
sedimentary section below the dëcollement.
We conclude that:
1. Compaction a¡ects only the upper 140 m of
the subducted sedimentary pile, whereas the
lower 180 m appear to lack signi¢cant compaction related to subduction. We interpret this as
the result of the di¡erence in lithologic composition and longer £uid pathways. Overlying
masses prior to subduction, the higher compac-
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tion resistivity of diatoms, and the anomalously low heat £ow o¡ Costa Rica could
also play an important role in withstanding
compaction e¡ects.
2. The stratigraphic succession observed in the
underthrust section (Site 1043) displays the
complete succession found in the undisturbed
section in front of the subduction zone on the
Cocos Plate (Site 1039). This con¢rms that currently no frontal o¡scraping, which would add
sediment to an accretionary wedge, takes place
in the area of Leg 170. The entire sedimentary
succession is thus subducted beneath the Caribbean Plate.
Further research will be required for a better
understanding of the fast compaction of the
underlying sediment pile induced by the subduction process. These studies should include a detailed examination of £uid £ow, especially considering pressure gradients and £uid pathways within
the subducted strata. Also, the question on what
it depends whether sediment is accreted or not
remains to be solved.
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