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ABSTRACT 

The evolution of the syn-rift and post-rift deepening of the Galicia margin is studied by application of the subsi
dence model of McKenzie (1978), which implies a homogeneous stretching hypothesis. The resulting paleobathymetric 
curve is further refined by paleoenvironmental depth constraints based on the composition of microfossil assemblages. 
Results obtained by the two methods are in close agreement and suggest a faster subsidence rate during the first part 
(Valanginian-Hauterivian) than during the second part of the rifting period. Minor discrepancies that arise in paleo-
depth estimations are attenuated by considering a subsidence model based on Wernicke's (1985) hypothesis, which also 
supposes heterogeneous stretching. 

INTRODUCTION The Subsidence Model: Hypotheses and Data 

Carbonate sediments were deposited 150 m.y. ago, during 
the Tithonian, in the location of the current Galicia margin, at 
a water depth of less than 100 m (Shipboard Scientific Party, 
1987b; Moullade, Loreau, et al., this volume). At Ocean Drill
ing Program (ODP) Site 638, the water depth presently exceeds 
4600 m (Fig. 1). By adding the thickness of the sedimentary 
cover (about 1200 m) to that of the water column, it appears 
that the basement of the margin has subsided considerably, by 
almost 6 km since 150 Ma. 

There are two different approaches that can be applied to re
construct the subsidence history of this area: 

1. Paleobathymetric interpretations based on micropaleon
tologie data can be used, with some approximation, to deter
mine the progression of margin deepening with time. 

2. It is also possible to construct a theoretical subsidence 
curve for the Galicia margin by comparison to a subsidence 
model previously derived from data at other margins and intra-
continental sedimentary basins. The resulting theoretical paleo
bathymetric curve can be compared to the actual paleoenviron
mental data. 

In this paper, we present both of these approaches so that the 
resulting subsidence curve will best describe the deepening of 
the margin from the Tithonian through the present at Sites 638, 
639, and 641 (Fig. 1). 

THEORETICAL MARGIN SUBSIDENCE AT SITES 
638, 639, A N D 641 

In this section, curves for both theoretical subsidence and 
deepening of the seafloor are considered. The "tectonic" subsi
dence curve is arbitrarily plotted for the theoretical situation of 
a continental basement devoid of sediments and a constant sea 
level. The paleobathymetric curve, the only model that can be 
directly compared to the paleoenvironmental data, is derived 
from the theoretical tectonic subsidence curve, taking into ac
count sediment loading and worldwide sea-level changes. 

1 Boillot, G., Winterer, E. L., et al., 1988. Proc. ODP, Sci. Results, 103: Col
lege Station, TX (Ocean Drilling Program). 

As a first approach, we used a model that implies a homoge
neous lithospheric stretching, as initially proposed by McKenzie 
(1978) and later refined and modified (see, for instance, Royden, 
1982). According to this model, horizontal stretching and thin
ning affect lithosphere assumed to be initially 125 km thick and 
including a crust 30 km thick; the temperature at the lowermost 
part of the lithosphere is 1333°C. The continental crust suppos
edly produces some amount of heat by radioactivity. We did not 
take into account thermal disturbance introduced by the rela
tively thin (1200-m) sedimentary cover nor the cooling effect by 
lateral conduction, the result of which is to somewhat accelerate 
the heat loss and, accordingly, the deepening and subsidence 
(Watremez, 1980; Alvarez, 1984). For our calculations, we as
sumed that the water depth and sediment thickness at Site 638 
are representative of the studied area. This constitutes an ap
proximation because the sediment thickness decreases on top of 
tilted blocks (close to the drilling sites) and increases in the half-
graben immediately to the east of the drilling sites. 

We determined parameters and defined simplifying hypothe
ses for this model as follows: 

1. Time scale is adopted from Kent and Gradstein (1985). 
2. The present water depth and syn- and post-rift sediment 

thicknesses at Sites 638 and 639 allow us, to estimate a value of 
3.4 for the coefficient of total thinning (/?) of the continental 
lithosphere at this part of the margin. This implies a final crustal 
thickness of about 10 km, including sediments, assuming an ini
tial crustal thickness of 30 km. 

3. The deposition of several hundred meters of carbonates 
during the Tithonian must have involved a certain amount of 
subsidence that we attribute to a first episode of extension, 
dated from 150 Ma. However, the amount of lithospheric thin
ning needed to produce such subsidence is very small (/3 = 
1.05). 

4. Most of the crustal thinning occurred in the Early Creta
ceous, from the Berriasian (140 Ma) to the late Aptian (115 Ma) 
(i.e., 25 m.y.; Shipboard Scientific Party, 1987a). Two "sce
narios" of crustal thinning are possible: 

a. by continuous distension, homogeneously distributed 
during the entire 25-m.y. period (total /3 for the Early Creta
ceous = 3.21); because of the calculation methods, we must di-
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Figure 1. Location of ODP Leg 103 drilling sites along the Galicia margin. A. Box shows location of region in Figure IB. V 
• = Site 398. 
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vide the total thinning into instantaneous episodes occurring 
once every million years. 

b. by polyphase distension, with each episode also modeled 
as an instantaneous occurrence. 

5. Understanding the scenario of polyphase distension re
quires knowledge of the chronology and kinematics of the dis
tension event, both of which are poorly known. In this study, we 
chose to use a reconstruction based on seismic and drilling data 
that was suggested by Boillot et al. (1986). They proposed that 
the crustal block on which Sites 638, 639, and 641 are located 
subsided and/or tilted at three distinct times: in the Berriasian 
(140 Ma), in the latest Valanginian (132 Ma), and in the late 
Aptian (115 Ma) (Fig. 2 and Table 1). 

Coefficients of continental crust thinning (/3) are significantly 
higher than the coefficients of surficial extension (TV) measured 
from the horizontal throw of normal faults (Chenet et al., 1982). 
However, for lack of better constraints, we assumed proportional 
relations between /3 and TV. From extension rates estimated from 
seismic data (Fig. 2) and a value of 3.4 for the coefficient of to
tal thinning, we calculated the distribution of crustal thinning 
among the various episodes of rifting (Table 1). The resulting 
subsidence curves (scenarios 1 and 2) are shown in Figure 3. By 
convention, they represent tectonic subsidence under the water 
column, without any sediment loading and at a constant sea 
level. 

According to Steckler and Watts (1978), the tectonic subsi
dence under water Yi at each moment /' is given by 

Yi = Si pm — pSi 
pm — pw + Hi - ASLi pm 

pm — pw 

where Si and pSi are the thickness and average density, respec
tively, of the sedimentary column decompacted at the moment 
i; Hi is the paleodepth; SLi is sea-level rise in comparison to the 
present zero level; pm is the density of the mantle, in which iso-
static compensation (3.2) occurs; and pw is the density of sea
water. 

The equation is solved for the paleodepth Hi by first calcu
lating Yi using the selected model (Fig. 3) and then subtracting 
for the effect of sedimentary loading (Si[pm - pSi]/[pm - pw]) 
and adding for the effect of the additional water column that re
sults from worldwide eustatism (ASLi[pm/(pm - pw)]). 

Sedimentation Effects 
Knowing the thickness and weight of the sedimentary layer 

for each moment i makes calculation of the effects of the sedi

mentary load on the sinking of the seafloor possible, assuming 
a local isostatic adjustment. However, sediments compact as 
they are buried under more recently deposited sediments. To de
termine the original thickness of a sedimentary layer, we need to 
calculate a progressive "decompaction," assuming that (1) com
paction results only from reduction of the initial sediment po
rosity (i.e., all the solid elements are preserved); (2) compaction 
is caused only by pressure (i.e., of the weight of the overlying 
sediments); (3) detrital sediments have the response to compac
tion as clays, which experience an exponential decrease in po
rosity with burial (Magara, 1968); and (4) a simple relation ex
ists between sediment density (as measured in the laboratory or 
by means of diagraphy), petrographic composition, and poros
ity (Serra, 1979). 

We used logging data and density measurements collected 
aboard the JOIDES Resolution (Boillot, Winterer, et al., 1987) 
to apply this method of calculating decompaction to the syn-
and post-rift sedimentary sequences drilled at Sites 638, 639, 
and 641 (Fig. 4). The resulting subsidence curve differs only 
slightly from that derived by using the compacted sediment thick
ness measured at the drilling sites. A much greater difference 
would have resulted if the sedimentary layer overlying the Gali
cia margin basement were not so thin. 

Effects of Eustatic Sea-Level Changes 
Water depth was affected during the Late Cretaceous by a 

sea-level rise. In order to estimate the increase in the water depth 
caused by this event, we used a synthetic curve (Fig. 5), con
structed by combining Kominz's (1984) curve for the Late Creta
ceous to the Holocene and Vail et al.'s ( 1977) curve, calibrated 
with a maximum of 240 m for the Tithonian to the Late Creta
ceous. 

Theoretical Paleobathymetric Curve 
From the model of homogeneous thinning of the lithosphere 

and the estimated effects on the bathymetry caused by sediment 
accumulation and eustatic sea-level changes on the Galicia mar
gin, we constructed a theoretical paleobathymetric curve (Fig. 6) 
from the theoretical subsidence curve (Fig. 3). This curve shows 
that subsidence occurred in two steps: 

1. Initial subsidence (resulting from isostatic reaction to crustal 
thinning during rifting of the margin) caused deepening of the 
seafloor to either 2900 m (scenario 1) or 2750 m (scenario 2) in a 
25-m.y. period (140 to 115 Ma). Thus, it is easy to predict that 
most of the syn-rift sediments of the Galicia margin were depos
ited in deep water. 
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Figure 2. Evolution of the crustal block on which ODP Sites 638, 639, and 641 were drilled, reconstructed from drilling data and 
IFP-CEPM seismic profile GP-101. A = Tithonian; B = early Valanginian; C = latest Valanginian; D = Hauterivian; E = late 
Aptian (slightly modified from Boillot et al., 1986). Vertical scale = s two-way traveltime (TWT). N = coefficient that expresses 
the surficial distension rates, measured geometrically from the horizontal displacement resulting from normal faults (Table 1). 
Depths are from the theoretical paleobathymetric curve, scenario 2 (see Fig. 6). 
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Table 1. Theoretical lithospheric thinning coefficient (fi) 
and surficial extension coefficient (N) of the continental 
crust from the Tithonian to the late Aptian at ODP Sites 
638, 639, and 641. 

Time period 
Age 
(Ma) 

Time 
duration 

late Aptian 
latest Valanginian 
Berriasian 
Total for the Early Cretaceous 
Tithonian 
Total since the Tithonian 

115 
132 
140 
— 
150 
— 

— 
— 
— 
25 
— 
35 

1.62 
1.65 
1.21 
3.23 
1.05 
3.4 

1.31 
1.33 
1.12 
1.94 
n.d. 
1.94 

Note: n.d. = none detected. 
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Figure 3. Tectonic subsidence (under water) curves, calculated by using 
the uniform lithospheric distension model (Royden, 1982). Dashed curve 
obtained by admitting a distension event in the Tithonian (150 Ma; /3 = 
1.05) and a continuous distension (0 = 3.21) between 140 (Berriasian) 
and 114 Ma (late Aptian) (total 13 = 3.39). Solid curve obtained by ad
mitting polyphase distension (8 = 1.05 for the Tithonian, 1.21 for the 
Berriasian, 1.65 for the late Valanginian, and 1.62 for the late Aptian; 
total /3 = 3.41). 

2. Post-rift subsidence, called "thermal" subsidence because 
it resulted from lithospheric cooling below the henceforth inac
tive rift, caused a less dramatic deepening of about 2000 m in 
115 m.y. 

Particularly during rifting of the margin, important differ
ences in paleobathymetric evolution appear between scenarios 1 
(continuous distension) and 2 (distension distributed in three 

150 100 50 

1000 _ 

Age in Ma 

2000 _ Depth(m) 

Figure 4. Variation of sediment thickness vs. time, from drilling data of 
Sites 638, 639, and 641. Dashed line = compacted sediments; solid line 
= uncompacted sediments. 
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Figure 5. Synthetic curve of eustatic sea-level changes, after Kominz's 
(1984) and Vail et al.'s (1977) curves (solid and dashed lines, respec
tively), calibrated with a maximum of 240 m. Ti = Tithonian; Be = 
Berriasian; Va = Valanginian; H = Hauterivian; Ba = Barremian; Apt 
= Aptian; Ce = Cenomanian; T = Turonian; Co = Coniacian; Sa = 
Santonian; Ca = Campanian; Mae = Maestrichtian. 

phases and separated by periods of inactivity). In the first case, 
the deepening is faster at the beginning (Valanginian) and then 
slows (Hauterivian to Aptian). We will discuss these differences 
and which model best fits the Galicia margin data after the fol
lowing analysis of paleoenvironmental data and constraints, 
which were deduced mainly from the faunal content of the sedi
ments. 

PALEOBATHYMETRY DEDUCED FROM 
PALEOENVIRONMENTAL DATA 

Faunal data make it possible to estimate the paleobathyme-
try of the depositional environment for the following ages. 

Pre-Rift Sequence 

Late Tithonian (146 Ma) 
The microfaunal and microfloral assemblages (abundant shal

low-water benthic foraminifers, rare calpionellids, oncoids, and 
a few calcareous algae) found in the calcareous sediments drilled 
at Site 639 (Shipboard Scientific Party, 1987b) indicate an un-
zoned platform or "ramp" environment (Moullade, et al., this 
volume; Loreau and Cros, this volume), devoid of a reefal bar
rier and under some influence of the open sea. The bioclastic el
ements show some signs of having been transported, and there 
are indications, in the upper part of the limestone sequence im
mediately underlying the dolomite, of a slight deepening in 
comparison to basal portions of the limestone unit (Moullade, 
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Figure 6. Theoretical water-depth curve at Site 638, as deduced from the 
theoretical subsidence curve of Figure 3 after applying correction for eu
static sea-level change (Fig. 5) and sedimentation effects (Fig. 4). 

et al., this volume). The average water depth attributed to the 
depositional environment of these limestones is about 50 m; it 
certainly did not exceed 100 m. 

Latest Jurassic/Earliest Cretaceous (144 Ma) 
The dolomitization phase, associated with erosional processes, 

that affected the uppermost part of the carbonate section at Site 
639 shows characteristics that, according to Loreau and Cros 
(this volume), suggest emersion. This event is not well dated and 
occurred between the late Tithonian and early Valanginian (see 
the following). 

Syn-Rift Sequence 

Early Valanginian (136 Ma) 
The Valanginian marls (Calpionellid Zone E = middle part 

of the lower Valanginian) that discontinuously overlie the dolo
mite at Hole 639A contain abundant calpionellids, indicating a 
significant external influence on the depositional environment. 
The calpionellids are associated with benthic foraminiferal as
semblages, mainly composed of Nodosariids (with mostly lenti-
culines) and a few agglutinates belonging to the genera Dorothia 
and, more rarely, Bathysiphon. There are also a few fragments 
of Aptychii and some ostracodes. Such fauna is characteristic 
of an outer shelf and/or (preferentially) upper-midslope envi
ronment (cf. Guerin, 1981), corresponding to a paleobathyme-
try of between 200 and 1000 m, but probably closer to 750-1000 
m. 

Late Valanginian (132 Ma) 
Estimation of the depth of deposition of the middle to late 

Valanginian sandstones drilled at Holes 638B and 638C is diffi
cult because these sediments contain only extremely rare faunas; 
the coarsest beds are entirely barren. Some of the more clayey 
bands contain a few fragments of Aptychii and very rare fora
minifers. These are composed (see Table 2) of a mixture of (1) 
shallow-water and badly preserved forms (Orbitolinids, Trocho-
lines), (2) outer shelf and epibathyal forms (Nodosariids), and 
(3) mesobathyal/infrabathyal (Dorothia) and even deeper (Ba
thysiphon, Ammodiscus) forms. We interpret such a composite 
fauna as resulting predominantly from transportation to greater 
depths (at least 2000 to 3000 m, assuming that the deepest ag
glutinates represent in-situ fauna) of organisms that lived at var
ious, shallower depths together with an enormous amount of de
trital terrigenous material that diluted the microfossil component. 

Hauterivian/Barremian (130 to 119 Ma) 
The foraminiferal assemblages found in Hauterivian and Bar

remian sediments recovered at Sites 638 and 641 do not seem to 

Table 2. Paleoenvironmental distribution of foraminifers, 
ODP Hole 638B, in the upper Valanginian/lower Hauterivian. 
Crosses = neritic forms; open circles = outer shelf-epibathyal 
forms; solid circles = mesobathyal-infrabathyal forms; trian
gles = infrabathyal-abyssal forms. 
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represent actual biocoenoses, like those known for the same 
time in many Tethyan outcrops. Leg 103 assemblages of this age 
comprise only rare and tiny planktonic forms {Hedbergella) 
plus a few benthic forms, which are also very small and of very 
low diversity in comparison with the contemporaneous Vocon
tian assemblages (cf. Moullade, 1966). It is likely that these as
semblages do not represent an in-situ fauna but are elements 
transported and redeposited by distal turbidites. As a result, it is 
difficult to accurately estimate the depth of the final environ
ment of deposition, which might have even been below the car
bonate compensation depth (CCD), assumed to be at about 
2500 m at that time in the northeast Atlantic, according to 
Montadert et al. (1979). 

Late Aptian (114 Ma) 
The Aptian beds underlying the break-up unconformity (Site 

641; Shipboard Scientific Party, 1987c) are composed of turbi
dites that contain foraminiferal assemblages, most of which are 
contemporaneous with the deposition process but probably al
lochthonous. Some scarce neritic forms (e.g., rare Orbitolinids) 
are found together with more abundant (and sometimes show
ing signs of dissolution) planktonic specimens, plus deep-water 
and more diversified benthic forms. If we assume that most of 
these forms represent in-situ fauna, then we must conclude that 
they were fossilized at depths close to the CCD (2200 m at that 
time). However, we cannot rule out turbidite transport of all this 
material, as was the case previously; therefore, the actual paleo-
depth of Site 641 could be deeper than 2200 m. 

Post-Rift Sequence 
With the exception of the abundant calcareous micro faunas, 

with little or no dissolution effects, that appear to be in place in 
the Pliocene-Quaternary (CCD was then at about 4500 m), the 
two other sections (Upper Cretaceous and Miocene) of the post
rift sequence recovered at the Leg 103 drill sites are character
ized by brown or red clays totally devoid of calcareous faunas 
and definitely deposited below the CCD (close to 4000 m in Mi
ocene times). The upper Turonian to Maestrichtian red beds of 
Hole 641A contain only agglutinated benthic foraminiferal as
semblages belonging to the "Recurvoides Association" (sensu 
Haig, 1979) that characterize abyssal depths (see Moullade, et 
al., this volume), close to or probably deeper than 3000-3500 m. 

COMPARISON OF THE THEORETICAL MODEL 
A N D PALEOENVIRONMENTAL DATA 

To compare the results of the two different methods, we 
graphically combined them in a composite figure (Fig. 7). The 
depth-range estimates for each considered time interval result 
from the indications given (1) by the faunal content and (2) by 
the theoretical paleobathymetric curves calculated with the two 
scenarios of the selected model (Fig. 6). 

For the early Valanginian (136 Ma), the micro faunal data in
dicate a water depth range of 200 to 1000 m, with some indica
tions favoring the deeper values. The theoretical curve shows 
1000 m for scenario 1 (continuous process of subsidence) and 
750 m for scenario 2 (discontinuous subsidence). Thus, there 
appears to be relatively good agreement between the results ob
tained by the two different methods, but the paleoenvironmen
tal data do not permit us to constrain the theoretical model and 
make a choice between the two scenarios. 

On the other hand, significant discrepancies arise for the late 
Valanginian to the Barremian (Table 3). Even when the impreci
sion of the various methods is taken into account, the paleoen
vironmental data appear to suggest a greater amount of subsi
dence during that time than that predicted by the theoretical 
model. In the late Valanginian, the paleoenvironmental data in-

1000 

2000 _ 

3000 _ 

4000 

5000 

Figure 7. Depth-range estimates, based on paleoenvironmental data (thick 
lines), superimposed for direct comparison on the theoretical paleo
bathymetric curves of Figure 6. 1 = late Tithonian (146 Ma); 2 = early 
Valanginian (136 Ma); 3 = late Valanginian (132 Ma); 4 = Hauteriv
ian/Barremian boundary (125 Ma); 5 = late Aptian (114 Ma); 6 = Tu
ronian (90 Ma); 7 = Maestrichtian (70 Ma); 8 = Miocene (15 Ma). 

Table 3. Comparison of paleodepth estimations based on paleoenvi
ronmental data with those deduced from the paleobathymetric theo
retical curve (Valanginian and Hauterivian/Barremian boundary). 

Age 

Hauterivian/Barremian 
boundary (124 Ma) 

late Valanginian (132 Ma) 

Paleodepth (m) 

Paleoenvironmental 
data 

>2500 

2000-3000 

Theoretical curve 

Scenario 1 

2250 

1600 

Scenario 2 

1950 

800 

dicate an even faster deepening than that suggested by the theo
retical curve corresponding to scenario 1. 

There are no fundamental discrepancies between the results 
given by the two methods for the late Aptian, Turonian, Maes
trichtian, and Miocene. The theoretical curves permit us to limit 
the extent of the bracketing depth intervals given by the micro-
faunal data. 

DISCUSSION 
In summary, the preceding detailed comparison reveals a rel

atively good agreement between the paleoenvironmental data 
and the theoretical subsidence curves. However, it remains nec-
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essary to explain the divergence that appears for the late Valan
ginian and persists, though attenuated, through the Hauteriv
ian-Barremian. There are several possibilities to explain these 
discrepancies: 

1. The theoretical model that we used does not take heat loss 
by lateral conduction into account. Such a loss is difficult to 
calculate but is a likely cause of additional subsidence, esti
mated at 200-400 m from the data of Watremez (1980) and Al
varez (1984). This could partly explain the discrepancy, in the 
Neocomian, between the paleoenvironmental data and the sys
tematically underestimated predictions of the theoretical model. 

2. It is also possible to question our selection of McKenzie's 
(1978) model, which supposes that lithospheric stretching was 
homogeneous. The Leg 103 scientific party, on the basis of other 
data, used a model that implies heterogeneous lithospheric stretch
ing, as derived from Wernicke (1985) (Boillot et al., 1986, 1987). 
Unfortunately, it is very difficult to predict subsidence accu
rately with such a model (see Coward, 1986). These difficulties 
are further increased by the lack of precise data for the Galicia 
margin on the geometry and kinematics of the detachment fault 
postulated by Wernicke (1985). We were thus constrained in 
using the homogeneous stretching model, which is well docu
mented but possibly not entirely suitable for the area. Features 
of the initial (syn-rift) subsidence differ between the two models. 
In the homogeneous stretching model (Fig. 8A), the isostatic re
action to the crustal thinning is partly compensated by the ef
fects of significant thermal flow. Inversely, according to the het
erogeneous stretching model, crustal thinning occurs in an area 
where the lithosphere is moderately thinned (Fig. 8B) and, there
fore, the heat flow remains low. Only in the last phase of rifting, 
when the thinning zone of the lithosphere moves closer to the 
rift axis, does heat flow increase. In other words, the heteroge
neous lithospheric stretching model implies a faster and greater 
initial subsidence than the homogeneous stretching model used 
in this paper. 

This theoretical model is limited, especially by the relative 
imprecision of the paleobathymetric reconstructions based on 
micropaleontologic data. Nevertheless, the rapid subsidence of 
the margin in the Valanginian, as deduced from the faunal con
tent of the sediments, is generally more consistent with Wer-
nicke's (1985) model than with that of McKenzie (1978). Al
though our study does not choose among the proposed models, 
it does not contradict the heterogeneous lithospheric stretching 
hypothesis. 
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Figure 8. Models of lithospheric stretching. A. Homogeneous stretching model used in this paper (McKenzie, 1978; Le Pichon and Sibuet, 1981). B. 
Heterogeneous stretching model, as proposed by Wernicke (1985). 
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