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ABSTRACT 

6180 values of pore waters from the northern Barbados accretionary prism range from - 0.3 to - 3.6%o and reflect 
pervasive reaction of volcanic ash to form smectite within the sedimentary sequence and continued low temperature al
teration of basalt in the underlying ocean crust with the overprint of diffusive exchange between water in the sediment 
pores and the open ocean. 5D values of pore waters in sediments sampled seaward of the deformation front drop from 
+ 5%o at the sediment surface to - 6%o at the deepest levels sampled. These changes may also be related to alteration 
processes but remain largely enigmatic. Sediment deformation caused by impingement of the Caribbean plate on the 
Atlantic plate has instigated migration of chemically and isotopically distinct fluid along faults and coarse-grained sedi
mentary beds; 5180 values of pore waters are also locally affected by thrust stacking which increases diffusive 
pathlengths and possibly modifies diagenetic reaction rates in Pleistocene sediments. Migrating fluids are distinguished 
by anomalous 5180 values that are as much as l%o higher than those of surrounding fluids. Uncertainties in hydrogen 
isotope fractionation resulting from processes occurring under these conditions hinder identification of the hydrogen 
isotope composition of expelled fluid. Stable isotope analyses of pore waters help constrain the fluid migration history 
of the accretionary prism by limiting the source of fluids, the paths along which fluid flows, and the timing of faulting 
and subsequent fluid flow. 

INTRODUCTION 

Fluid flow from subduction zones is an integral part of the 
global water cycle and may be important in balancing the flux 
of solids and heat in the Earth. To assess the importance of 
fluid flow on various global budgets, direct measurements of 
the amount and composition of expelled fluids must be made in 
a variety of subduction zone environments, including fast and 
slow convergent zones, sediment-rich and sediment-poor zones, 
and predominantly coarse-grained and fine-grained environ
ments. The Northern Barbados Accretionary Complex (ODP 
Leg 110) represents a slowly converging subduction zone with 
abundant, fine-grained hemipelagic sediments. 

Pore water geochemistry can directly define paths of fluid 
flow; this was a first-order goal of the geochemistry program in 
the Northern Barbados subduction zone (Fig. 1). Distinguishing 
the geometry of the fluid flow pathways (diffuse or channe
lized) is required to determine the volume of fluid transported, 
the distance fluid travels, and the rate at which fluid migrates. 
Analyses of pore water geochemistry also provide information 
on the chemistry of fluids returning to the oceans. 

Interpretations of geochemical analyses of pore waters and 
associated data from the Barbados accretionary prism on 
DSDP Leg 78A (Fig. 1) precluded significant upward advection 
of pore waters (Gieskes et al., 1984a), but temperature measure
ments suggested that sediments around active fault zones were 
warmer than expected (Davis and Hussong, 1984). The most 
likely explanation of these phenomena is lateral fluid transport 
along faults. 
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The first goal of this study is to evaluate measurements of 
oxygen and hydrogen isotope ratios of pore waters in tectoni
cally undisturbed sediments in terms of models of pore water 
evolution in deep marine sediments. This framework of data 
and models is then contrasted against results from within the ac
cretionary prism. In addition, conceptual models of tectoni-
cally-induced pore water evolution will be developed. Diffusion 
plays an important role throughout, modifying diagenetically-
and tectonically-driven changes in the isotopic composition of 
pore waters. 

Background Effects 
Oxygen and hydrogen isotope ratios of interstitial waters in 

undeformed sediments may be either (1) inherited from ocean 
water or (2) derived from diagenetic reactions in the sediment or 
underlying basement. Over a long time scale, the oxygen iso
tope composition of the world's oceans is believed to have re
mained roughly constant (e.g., Muehlenbachs, 1986). Growth 
and decline of continental glacial ice masses can cause shifts in 
the oxygen and hydrogen isotope composition of ocean waters 
by about 1 and 10%o, respectively, but recent evidence from 
ODP Leg 119 that continental glaciers may have existed since 
the middle of Late Eocene time (Barron, Larsen, Baldauf et al., 
1988) makes it difficult to infer whether glacial cycles have in
fluenced the isotopic composition of pore waters in the North
ern Barbados accretionary prism. Short-term glacial fluctua
tions will leave no record in pore waters of slowly accumulating 
sediments because the rate of diffusion of mass between sedi
ment pores and ocean waters is fast enough to eliminate the pa-
leo-oceanographic signal (McDuff, 1985). 

Based on measurements of calcium and magnesium concen
trations as well as 1 80/ 1 60 and 87Sr/86Sr ratios in pore waters re
covered during DSDP Leg 78a (Gieskes et al., 1984), the princi
pal diagenetic reactions affecting the isotopic compositions of 
pore waters are low temperature alteration of volcanic ash in the 
sediment column to form smectite and continued alteration of 
the underlying basaltic ocean crust to form smectite (e.g., Law
rence et al., 1975; Perry et al., 1976; Lawrence et al., 1979; 
Gieskes and Lawrence, 1981; Lawrence and Gieskes, 1981; Mc-
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Figure 1. (A) Location map of the northern Barbados accretionary prism showing boundary between Caribbean and Atlantic plates (deformation 
front), locations of nearby seismic reflection profiles, and location of ODP Leg 110 and DSDP Leg 78A drill holes. (B) Cross-section of the northern 
Barbados accretionary prism. Important structural features and positions of drill sites also shown. 

Duff, 1981; Gieskes et al., 1987). The formation of diagenetic 
smectite has lowered SlsO values of pore waters in the northern 
Barbados accretionary prism by as much as 4%o from ocean wa
ter values (Gieskes et al., 1984a). 

Alteration of volcanic ash should increase SD values of pore 
waters because the hydroxyl groups in clay minerals incorporate 

the light isotope of hydrogen relative to water (Savin and Ep
stein, 1970; Suzuoki and Epstein, 1976; Yeh, 1980; Liu and Ep
stein, 1984; Cerling et al., 1985). However, measured 5D values 
of pore waters in oceanic sediments generally decrease with an 
increasing contribution to the pore waters from alteration pro
cesses. To explain this, Lawrence and Gieskes (1981) suggested 
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that deuterium is preferentially taken up in structural water in 
the smectite matrix, thereby creating lower 5D values in pore 
waters. This hypothesis remains untested, however, and thexde
gree of deuterium depletion by this mechanism is difficult to 
predict. Further discussion of the effect of interlayer water in 
clays on the isotopic composition of pore waters follows in a 
later section. Possible hydrogen isotope exchange between hy-
droxyl groups in clay minerals and pore waters will have a negli
gible effect on 5D values of pore waters in a sediment with 50% 
porosity. 

Lawrence and Taviani (1988) recently suggested that oxida
tion of mantle-derived methane in the sediment column may 
significantly lower D/H ratios of pore waters. However, if this 
hypothesis is true, it still remains to be tested if the flux of man
tle gases is as important in old ocean basins as in relatively 
young basins like the Norwegian Sea. Other diagenetic reactions 
that may alter the isotopic composition of pore waters, such as 
silica diagenesis (Knauth and Epstein, 1976) and hydrocarbon 
oxidation (Schoell, 1980), are considered unimportant because 
of the paucity of reacting materials. 

Tectonic Effects 
Based on observations in ancient accretionary complexes 

(e.g. Vrolijk, 1987) and by analogy with heat-flow models of 
thrust terranes (e.g. England and Thompson, 1984), tectonic de
formation of sediments may result in the alteration of the geo
chemical and isotopic character of pore waters in two basic 
ways: (1) faulting can juxtapose blocks and allow mixing of 
compositionally different pore waters, and (2) exotic fluids may 
intrude along fault surfaces. These effects are presented sche
matically in Figure 2. In the first case (Fig. 2B), geochemical 
signals in pore waters are perturbed from the tectonically undis

turbed state (Fig. 2A) by a thrust fault which places deeper, 
older sediments on younger ones. Because the chemical compo
sition of pore waters in the older sediments is different from 
that of the younger sediments, a chemical discontinuity is estab
lished along the fault. The isotopic composition of pore fluids 
on both sides of the fault is altered as diffusion works to destroy 
the geochemical discontinuity. The physics of this process are 
analogous to the well-described thermal diffusion processes 
during nappe emplacement (e.g., England and Thompson, 
1984). 

A variation of the thrusting model arises from displacement 
on a bedding-parallel fault which cuts sediments with laterally 
changing pore-water chemistries (Fig. 2C). Once again faulting 
creates geochemical discontinuities along the fault plane which 
results in modified geochemical signals on both sides of the 
fault as diffusion of materials takes place. 

Faults may also act as conduits for fluid flow (Fig. 2D). If 
fluid flow is rapid enough, it may create perturbations in geo
chemical profiles (e.g. Kulm et al., 1986; Boulegue et al., 1987; 
Vrolijk, 1987) and temperature profiles (e.g. Davis and Hus-
song, 1984; Vrolijk et al., 1988; Fisher and Hounslow, this vol
ume). If fluid flow is active along faults, then the change in oxy
gen and hydrogen isotope ratios can serve as a means of tracing 
the source of the fluids and help constrain the fluid flow 
history. 

ANALYTICAL TECHNIQUES 
Water samples were taken for isotopic analysis by squeezing mud 

samples using conventional techniques (Manheim and Sayles, 1974). An 
aliquot of each total sample was sealed in glass vials for shore-based 
analysis. At Site 672, three samples of pore waters were retrieved with an 
in situ sampler, and in the two samples apparently uncontaminated by 
seawater (I. S. 1 & 2; contamination degree defined by major element 
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Figure 2. Conceptual effects of deformation on pore water geochemistry. (A) Two examples of steady state, conservative element concentra
tion profiles in a tectonically undisturbed sedimentary section. (B) Thrust stacking of sediments leading to repetition of pore water geochem
ical signatures. Dashed lines indicate concentration gradient smoothed by diffusion. (C) Bedding-parallel faulting of sediments with laterally 
changing concentration gradients leads to a discontinuity in values across the fault and a change in slope of gradient. (D) Concentration gra
dient locally offset by intrusion of chemically distinct fluid, causing a bulge in the concentration gradient. 
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and nutrient chemistry of pore waters), 6180 and 6D values are very 
close to those of surrounding samples obtained by squeezing (Table 1). 

Oxygen isotope ratios of pore waters were determined by the conven
tional C02 equilibration technique (Epstein and Mayeda, 1953) modi
fied by initial evacuation of air through teflon capillaries (Roether, 
1970). The method was tested and standardized by analysis of four wa
ter standards. Analytical precision was further improved by using a C02 
gas with an isotopic composition close to equilibrium with seawater at 
25°C. Thus any errors introduced by incomplete equilibration were neg
ligible. Analyses of two individual aliquots of single samples generally 
agree to better than 0.1%o; an average of eight standard deviations, cal
culated from eight replicate analyses of individual samples sealed in sep
arate ampules, is 0.09%o. 

5D values of pore waters were determined by reduction of 4 • I0 - 3 cm3 

of water with hot zinc (Friedman, 1953; Coleman et al., 1982). Each 
pore-water sample was analyzed at least twice, and analytical reproduc-
ibility was consistently better than ± l%o. Both 5180 and SD values in 
Table 1 are reported relative to SMOW (Standard Mean Ocean Water). 

RESULTS 

"Undeformed" Reference Site 
Site 672 was drilled to document the biostratigraphic, litho

stratigraphic, structural, and geochemical characteristics of a 
tectonically undisturbed section. Unfortunately, this site con
tains two mildly deformed horizons, both of which contain geo
chemical anomalies, indicating the seaward propagation of de
formation and subsequent fluid flow. The older (early Miocene) 
deformed zone is structurally and geochemically more signifi
cant because low-angle shear zones with small displacements 
were observed in the same stratigraphic position in which the 
decollement zone is developed at Site 671 (Moore, Mascle et al., 
1988), and pore waters become depleted in chloride and en
riched in methane (pp. 227-231, Mascle, Moore et al., 1988). 
This geochemical signature mimics the anomalies observed in 
the decollement zone at Site 671. Similar geochemical anoma
lies are observed in Oligocene and Eocene silty to sandy beds. In 
both instances fluid migration from beneath the accretionary 
prism is interpreted as the cause of the geochemical anomalies 
(p. 234, Mascle, Moore et al., 1988). Notwithstanding the struc
tural and geochemical data from Site 672, the measured oxygen 
and hydrogen isotope ratios constitute a type of reference 
against which results from the more tectonized sites of Leg 110 
can be compared; at worst this comparison will lead to an un
derestimation of the effect of deformation on the fluid history. 

Oxygen and hydrogen isotope ratios decrease regularly with 
depth (Fig. 3). Scatter in the data between 220 and 460 mbsf is 
related to the occurrence of coarser grained beds which allow 
expulsion of lsO-enriched and possibly D-enriched fluids from 
beneath the accretionary prism; chlorinities are also scattered. 
Data that more clearly indicate the isotopic composition of ex
pelled fluids will be presented in a later section. 

Reaction of volcanic ash in sediment and basalt in ocean 
crust to form smectite produces a coupled response in calcium 
and magnesium concentrations with 5180 values of pore waters 
(Lawrence and Gieskes, 1981; Gieskes and Lawrence, 1981). 
A5180:ACa ratios (Fig. 3B) fall along a correlation line derived 
empirically by Lawrence and Gieskes (1981) while points that lie 
significantly off this line represent samples that were taken near 
coarse-grained beds and which are consistently enriched in 180 
and depleted in chloride. A5180:AMg ratios (Fig. 3C) increase 
from the upper 200 m of Site 672 where volcanic ash is most 
common to deeper parts of the hole. The higher A5lsO:AMg ra
tios below 200 mbsf (meters below seafloor) are produced by al
teration reactions in the underlying basalt and projection of this 
trend to the basalt/sediment contact suggests that pore waters in 
basalt contain no magnesium. The shift in A5180:AMg ratios 

Table 1. Pore-water stable isotope ratios. 

Core-
section 

110-671B-

1-3 
2-5 
3-4 
4-5 
6-4 
8-4 
10-3 

13-3 

15-1 
19-1 

22-5 
25-4 
28-5 
31-1 
33-2 
34-3 
37-2 
40-3 
41-4 
43-3 
46-3 
49-2 
52-2 
55-5 
56-2 
58-6 

63-5 
65-5 
67-5 
70-4 
73-5 

110-671C-

1-4 
1-5 
2-1 
2-4 
2-CC 

110-672A-

2-6 
3-4 
4-5 
5-5 
I.S. 1 
7-5 
9-5 
I.S. 2 
12-5 
15-3 
I.S. 3 
18-3 
21-2 
24-5 
27-5 
30-5 
32-4 
34-4 
36-4 
38-5 
39-2 
43-4 
46-1 
48-3 
51-2 
53-4 

Depth 

4.5 
16 
22 
33 
50.5 
68.5 
86 

113 

127 
171 

200 
230 
260 
290 
310 
320 
348 
368 
380 
397 
420 
450 
477 
508 
516 
535 

580 
600 
620 
650 
675 

502 
503 
507 
511 
514.5 

12 
18 
29 
38.5 
40 
57.5 
76 
89 

105 
130 
132 
158 
185 
216 
245 
274 
290 
309 
327 
346 
352 
395 
425 
447 
470 
489 

51 80 

- 0 . 5 
- 0 . 6 
- 0 . 7 
- 0 . 8 
- 0 . 9 
- 1 . 2 
- 1 . 7 

- 1 . 8 

- 1 . 8 
- 1 . 7 

- 1 . 9 
- 1 . 7 
- 2 . 1 
- 1 . 9 
- 1 . 6 
- 2 . 2 
- 1 . 8 
- 2 . 3 
- 1 . 8 
- 1 . 5 
- 2 . 6 
- 1 . 9 
- 2 . 0 
- 2 . 4 
- 1 . 7 
- 2 . 6 

- 3 . 0 

- 3 . 4 
- 3 . 4 
- 3 . 6 

- 2 . 4 
- 2 . 4 
- 1 . 8 
- 1 . 2 
- 2 . 6 

- 0 . 3 
- 0 . 5 
- 0 . 3 
- 0 . 7 
- 0 . 6 
- 0 . 8 
-1 .1 
- 0 . 9 
- 1 . 3 
- 1 . 5 

( -0 .8) 
- 1 . 5 
- 2 . 0 
- 2 . 4 
- 2 . 4 
- 2 . 8 
- 2 . 7 

- 2 . 7 
- 3 . 3 
- 3 . 3 
- 3 . 5 
- 3 . 5 
- 2 . 2 
- 3 . 6 
- 3 . 1 

<5D 

- 2 
+ 2 

+ 1 

- 1 

- 2 

- 5 
+ 1 

- 5 

- 1 
- 4 

- 1 
- 5 
- 4 
+ 3 
- 4 
+ 1 
- 3 
+ 0 
- 6 
+ 1 

- 5 
- 5 
- 1 
+ 4 
- 8 

- 6 
- 6 
- 3 
- 1 
- 6 

+ 5 
+ 5 
+ 3 
+ 3 
+ 1 
+ 5 
+ 1 
+ 3 
+ 0 
+ 1 

( + 2) 
- 2 
- 3 
- 3 
- 0 
- 4 
- 2 
- 4 
- 7 
- 1 
- 5 
- 5 
- 9 
+ 2 
- 6 
- 5 

Age 

E. Pleistocene 
E. Pleistocene 
E. Pleistocene 
L. Pliocene 
L. Pliocene 
L. Pliocene 
E. Pliocene 

L. Miocene 

E. Pleistocene 
E. Pleistocene 

E. Pleistocene 
L. Pliocene 
L. Pliocene 
E. Pliocene 
E. Pliocene 
E. Pliocene 
L. Miocene 
L. Miocene 
L. Miocene 
L. Miocene 
L. Miocene 
E./M. Miocene(?) 
E./M. Miocene(?) 
E./M. Miocene 
E./M. Miocene(?) 
L. Oligocene 

E. Oligocene 
E. Oligocene 
E. Oligocene 
E. Oligocene 
E. Oligocene 

E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 

E. Pleistocene 
E. Pleistocene 
E. Pleistocene 
L. Pliocene 
L. Pliocene 
L. Pliocene 
L. Pliocene 
L. Pliocene 
E. Pliocene 
L. Miocene 
L. Miocene 
L. Miocene 
E. Miocene 
L. Oligocene 
L. Oligocene 
E. Oligocene 
E. Oligocene 
E. Oligocene 
E. Oligocene 
L. Eocene/E. Oligocene 
L. Eocene 
M. Eocene 
M. Eocene 
M. Eocene 
M. Eocene 
E. Eocene 
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Table 1 (continued). 

Core-
section Depth 8180 5D Age 

110-673B-

1-4 
4-5 
7-1 
12-2 
15-5 
18-2 
25-4 
28-5 
31-6 
35-5 

110-674A-

1-3 
2-6 
3-5 
4-3 
5-4 
7-2 
9-6 
12-3 
15-2 
18-5 
21-3 
24-5 
27-5 
30-3 
45-3 
48-3 

110-675A-

2-2 
3-2 
4-3 
5-3 
6-5 
8-4 

110-676A-

4-5 
15-2 
21-3 
25-1 
30-5 
33-5 

6 
34 
57 
105 
136 
164 
230 
260 
290 
318 

4.5 
15.5 
23.5 
30 
40.5 
57 
82 
105 
132 
165 
190 
220 
250 
275 
421 
448 

325 
334 
345 
355 
366 
385 

33 
133 
190 
228 
275 
305 

-0.5 

-1.1 
-1.7 
-2.7 
-2.6 
-2.6 
-2.5 
-3.0 
-2.6 

-0.5 
-0.5 
-0.3 
-0.6 
-1.0 
-1.2 
-1.5 
-1.7 
-1.7 
-2.3 
-2.2 
-2.3 
-2.0 
-1.7 
-1.1 
-1.2 

-2.8 
-1.7 
-2.0 
-3.1 
-2.6 

-0.9 
( + 4.5) 
-2.3 
-2.2 
-2.3 
-2.8 

-2 
+ 1 
-1 
-5 
-7 
-8 
-8 
-7 
-7 
-8 

+ 5 
+ 2 
+ 2 
+ 2 
-1 
-3 
-3 
-5 
-4 
-5 
-6 
-6 
-5 
-1 
-9 
-9 

-6 
-7 
-6 
-3 
-7 
-6 

-2 
(+12) 
-7 
-6 
-7 

E. Pleistocene 
L. Pliocene 
E./M. Miocene(?) 
E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 
E. Miocene 

E. Pleistocene 
E. Pleistocene 
E. Pleistocene 
E. Pleistocene(?) 
E. Pleistocene 
L. Pliocene 
Miocene(?)* 
L. Pliocene 
E. & M . Miocene(?)* 
E. & M . Miocene(?)* 
E. & M . Miocene(?)* 
E. & M . Miocene(?)* 
E. & M . Miocene(?)* 
M . Eocene 
01igocene(?)* 
OHgocene(?)* 

E./M. Miocene(?) 
E./M. Miocene(?) 
E./M. Miocene(?) 
E./M. Miocene(?) 
E. Miocene 
E. Miocene 

E. Pleistocene 
E. Pliocene 
L. Miocene 
L. Miocene 
E. Miocene 
E. Miocene 

* Based on lithostratigraphy (Mascle, Moore, et al., 1988). 

occurring at 200 mbsf also corresponds to a shift in 87Sr/86Sr ra
tios of dissolved Sr in pore waters (Gieskes et al., this volume). 

Changes in the hydrogen isotope ratio of pore waters at Site 
672 (Fig. 3A) are less easily explained. Both oxygen and hydro
gen isotope ratios decrease systematically with depth and some 
common mechanism may be responsible for the excellent corre
lation between the two isotopic systems (Fig. 3D), or diffusion 
may have obliterated variations due to different diagenetic pro
cesses. Regardless of the cause of variations in hydrogen isotope 
ratios with depth, the systematics established at Site 672 can be 
used on a local, comparative basis to search for areas where tec
tonism has upset relations between 5D and depth and between 
5180 and SD. 

Lastly, squeezing water from the sediment samples may have 
induced membrane effects with associated hydrogen isotope 
fractionation (Coplen and Hanshaw, 1973). However, the shift 
of > 10%o in SD values reported here is much larger than the 
2.5%o shift observed by Coplen and Hanshaw (1973) in labora
tory studies, and Lawrence and Gieskes (1981) similarly dismiss 
the effect of squeezing on hydrogen isotope ratios. 

Accretionary Prism 
On the basis of preliminary structural and geochemical anal

yses of materials within the accretionary prism (Moore, Mascle, 
Taylor et al., 1987; Moore, Mascle et al., 1988; Gieskes et al., 
1989), stable isotope ratios of pore waters from the accretionary 
prism are presented in two groups: (1) samples taken from the 
deformation front (Sites 671, 675, and 676), with results from 
Site 671 comprising the most comprehensive data, and (2) sam
ples from the mid-slope of the accretionary prism (Sites 673 and 
674), where the effects of continuing deformation and fluid evo
lution are apparent. 

Deformation Front 

Site 671—Cross Section of a Subduction Zone 
The principal deformation features observed at Site 671 (Fig. 

4A) are imbricate thrust faults at 128, 375, and 455 mbsf, the 
decollement zone, which is the detachment horizon between the 
Caribbean and subducting Atlantic plates, and dispersed scaly 
shear zones with no apparent stratigraphic throw (p. 73, Mas
cle, Moore et al., 1988). Pore waters become progressively more 
depleted in 180 and D with depth (Fig. 4A, Table 1), and consid
eration of A5180:ACa (Fig. 4B) and AS180:AMg (Fig. 4C) ratios 
suggest that alteration of volcanic ash and basaltic ocean crust 
continue to be important processes. However, there are signifi
cant departures in oxygen and hydrogen isotope ratios from 
those observed at Site 672 that bear on the presence of deforma
tion features. 

Shallow Thrusting: The first disturbance in the profile of ox
ygen and hydrogen isotope ratios occurs below 128 mbsf where 
Early Pleistocene sediments, with initial S180 values of pore wa
ters inferred to lie between between 0 and - l%o, were thrust be
neath Late Miocene sediments, whose pore waters had 5180 val
ues between - 1 . 5 to -2%o before thrusting (Fig. 4A). Initial 
values are inferred from results of pore waters in sediments of 
similar age at Site 672 and from present conditions at Site 671. 
In contrast to the effects depicted in Figure 2B, the stratigraphy 
of oxygen isotope ratios has not been repeated. Thrusting has 
caused the diffusive path between sediment pores and the ocean 
to increase by at least 128 m (neglecting tortuosity in the sedi
ment), resulting in greatly reduced diffusive exchange between 
the Pleistocene section beneath the fault and the ocean. In addi
tion, thrusting has led to a more rapid burial and warming of 
the early Pleistocene sediments beneath the fault, possibly caus
ing alteration reaction to be accelerated. Alternatively fluid de
pleted in 180 may have been intruded beneath the fault, but the 
relatively strong enrichment in calcium and depletion in magne
sium precludes this as an important process here. 

An additional point is that 5180 values of pore waters above 
the fault appear undisturbed by thrusting, also in contrast to the 
hypothetical situation presented in Figure 2B. This suggests that 
either reactions in the lower plate occur so fast relative to diffu
sion of oxygen isotopes in water that the extreme concentration 
gradient established by thrusting is quickly eliminated, or that 
diffusion across the fault is hindered; perhaps both processes 
are operative. 

Distributed Faulting: Between the thrust fault at 128 mbsf 
and the decollement zone, a great deal of scatter is apparent in 
the profiles of both oxygen and hydrogen isotope ratios (Fig. 
4A). This scatter is striking in light of the the comparatively 
small degree of scatter in major element profiles, particularly 
chloride (pp. 92-99, Mascle, Moore et al., 1988), and the regu
larity of the data above 128 mbsf. Moreover, scatter first be
comes apparent in the profiles of oxygen and hydrogen isotope 
ratios at the point where chloride concentrations begin to drop 
below seawater concentrations (ca. 200 mbsf), and the magni-
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tion determine pore water geochemistry (Lawrence and Gieskes, 1981). Ocean water Ca = 10 mM/L, 6180 = 0 permil. (C) Cor
relation of pore water magnesium concentrations with 5180 values. Dashed line indicates A5180/AMg = 0.08 permil/mM/L, 
which is equivalent to ACa/AMg = - 1. Two solid lines bracket most data, with low slopes (A5lsO/AMg = 0.064 permil/mM/L) 
corresponding to data from ash-rich, Pliocene-Pleistocene sections, and high slopes (A6lsO/AMg = 0.24 permil/mM/L) corre
sponding to data from ash-poor Oligocene and Eocene sections. Ocean water Mg = 55 mM/L, 5180 = 0 permil. Reference lines 
established in previous two plots will appear in all forthcoming correlation plots. (D) Correlation of pore water oxygen and hy
drogen isotope ratios. Meteoric water line is drawn for reference, although it has no inherent significance here. Stippled field 
covers the range of data and will be reproduced in all forthcoming correlation plots as a further reference. 



INTERSTITIAL FLUID ISOTOPE RATIOS 

5180(SMOW) 5D (SMOW) CHLORIDE ImM] 
0 - 1 2 - 1 0 - 8 - 6 - 4 - 2 0 2 4 6 500 540 580 

Shallow 
Overthrust 
Sequence 

Zone of 
Distributed 
Deformation 

'S&z Decollement Zone 

Underthrust □ Atlantic Plate 
Sediments 

B 

C/3 

O 
00 

a P \ Decollement Excursion 
Decollement Excursion 

CALCIUM (mM) 

10 20 30 40 50 60 

MAGNESIUM (mM) 

D 6 

4 

2 

g ° 
O -2 I-
Q - 6 ^ 

- 8 : 

-10 : 

-12-f 
- 4 

Meteoric 4-
Water Line 

- 3 
i i i i i 
- 2 

5 1 8 0(SMOW) 
Figure 4. Isotopic results, Site 671. (A) Pore water 5lgO and 5D values versus depth; chloride profile from Mascle, Moore et al. (1988). 
All conventions as at Site 672 (Fig. 3). Included in these plots are a schematic column of important deformation features. Lines with 
half arrows indicate thrust faults (longer ones are deemed structurally more significant) and wavy lines indicate zones of scaly muds 
(number of wiggles indicate extent and intensity of scaly zone). Section broken into four main structural domains, discussed in text. 
Squares represent data from Hole 671B and circles from Hole 671C. Open symbols belong to samples in shallow overthrust sequence, 
bottom-half diagonally filled symbols represent samples from zone of distributed deformation between shallow thrust fault and de
collement zone, filled symbols correspond to samples from decollement zone, and top-half diagonally filled symbols represent samples 
from underthrust sedimentary sequence. Stippled pattern indicates range of pore water 5180 and 5D values for sediments of comparable 
age at Site 672. (B) Correlation of pore water calcium concentrations with 5lsO values. (C) Correlation of pore water magnesium con
centrations with 5180 values. (D) Correlation of pore water oxygen and hydrogen isotope ratios. All conventions and correlations as es
tablished at Site 672 (Fig. 3). 



P. VROLIJK, S. R. CHAMBERS, J. M. GIESKES, J. R. O'NEIL 

tude of scatter increases as chloride concentrations decrease, 
culminating in the maximum range in 5180 and 5D values and 
lowest chloride concentrations in the decollement zone. Because 
no cause for heterogeneous, in situ isotopic exchange can be 
identified in these sediments and because O- and H-isotopes in 
water diffuse more rapidly than major elements (Wang et al., 
1953; McDuff, 1981), we suggest that the scatter arises from the 
lateral intrusion of isotopically distinct fluid. Sample contami
nation is ruled out on the basis that the analytical procedures 
are routine and because contamination is not reflected in other 
geochemical systems. 

Pore waters in this part of the section with low 5180 values 
are interpreted to be derived from in-situ alteration reactions 
whereas relatively high S180 values reflect the influence of later
ally intruded waters. In-situ reactions which form the abundant 
diagenetic smectite observed in the Miocene section (Tribble, 
this volume) are similarly reflected in profiles of calcium and 
magnesium concentrations (Gieskes et al., this volume). 

Decollement Zone: The greatest scatter in the isotopic data 
occurs in the decollement zone, especially when data from Hole 
671C are included in the analysis (Fig. 5). The lowest 5180 val
ues are comparable with 5lsO values of pore waters in early Mi
ocene sediments at Site 672, suggesting that the higher 5180 val
ues observed reflect intrusion of 180-enriched fluid along the 
decollement zone. A5180:ACa ratios (Fig. 4B) and A5180:AMg 
ratios (Fig. 4C) of samples from the decollement zone are dis
placed toward higher 5180 values, which also suggests that wa
ters along the decollement zone are enriched in 1 80. 

The most dramatic shift in isotopic values comes from sam
ples taken in Hole 671C. However, in the Site 671 Geochemistry 
Report (p. 97, Mascle, Moore et al., 1988), the possibility was 
raised that all samples from Hole 671C except 110-671C-2X-CC 
may have been contaminated with seawater. However, differ
ences in concentrations of major constituents and in isotopic ra
tios between individual samples are inconsistent with a large de
gree of contamination by seawater. Differences in calcium con
centration permit seawater to make up only 15% of the most 
contaminated water sample, which accounts for at most a 0.4%o 
shift in its 5180 value. 

Hydrogen isotope ratios of pore waters from the decollement 
zone span the range of values measured for waters at Site 672. 
Results from Hole 67IB allow intruded fluids to be both en
riched and depleted in deuterium (Table 1), but more detailed 
analyses from Hole 671C (Table 1) suggest that samples en
riched in l 8 0 are also enriched in deuterium. However, no sys

tematic shift is seen in the isotopic composition of pore waters 
from values determined at Site 672 (Fig. 4D). 

The great changes in 5180 and 3D values over short vertical 
distances suggest that fluid intrusion has occurred recently and 
may be going on at present. Modeling the timing of fluid intru
sion is inappropriate at this time because of uncertainties in dif-
fusivities across fault surfaces and because fluid flow is proba
bly two-, and perhaps three-dimensional. 

Underthrust Sedimentary Sequence: Magnesium concentra
tions of pore waters in the underthrust sediments preserve a 
"fossil" basement signal and appear unaffected by processes oc
curring within the accretionary prism (pp. 93-95, Mascle, 
Moore et al., 1988). The 5180 values of pore waters beneath the 
decollement zone similarly decrease regularly with depth, prob
ably reflecting a basement signal. Samples taken around the 
Oligocene silty/sandy horizons are enriched in 1 80 and deute
rium and depleted in chloride. 

Results from Sites 675 and 676 
Site 675 was drilled into the decollement zone just 2 km 

arcward of the deformation front, but probably did not com
pletely penetrate it. Oxygen isotope ratios vary by 1.4%o over 
about 30 m (Fig. 6A), just as was observed in the decollement 
zone at Site 671, although hydrogen isotope ratios are fairly 
constant. The highest 6180 values of pore waters occur along a 
ramping thrust fault above the decollement zone (ca. 340 mbsf); 
samples along this fault also contain anomalous chloride and 
methane concentrations (pp. 493-494, Mascle, Moore et al., 
1988), suggesting that fluid flow has recently been concentrated 
here rather than in the decollement zone in the early Miocene 
section. In addition, A5180:ACa ratios (Fig. 6B) and A5lgO: 
AMg ratios (Fig. 6C) reflect the greatest 180 enrichment along 
this fault. 5D values of pore waters from Site 675 are somewhat 
lower than those in sediments of comparable age at Site 672 (Ta
ble 1), but comparison of oxygen and hydrogen isotope ratios 
(Fig. 6D) suggests that the stable isotope system has not been 
significantly offset from the relations defined at Site 672. 

At Site 676, 6180 values of pore waters are lower than those 
measured in Miocene sediments at Site 672 (Table 1, Fig. 7 A), 
but A6180:ACa (Fig. 7B) and A6180:AMg ratios (Fig. 7C) sug
gest that this may simply be a result of a higher degree of ash al
teration, slower diffusion, or higher sedimentation rates. The 
fact that SD values of pore waters from Site 676 are also lower 
than those from Site 672 (Table 1), when considered in conjunc
tion with 1 80/ 1 60 ratios (Fig. 7D), suggests that there is no sig-

5180(SMOW) 6D (SMOW) CALCIUM (mM) MAGNESIUM (rnM) CHLORIDE (mM) 
12-10 -8 -6 

Figure 5. Pore water 5180, SD, calcium, magnesium, and chloride profiles, Hole 671C. Curves through data are eye-drawn and subjective. Pore water 
chemical analysis of closely spaced samples indicates different chemical anomalies are not correlative. 
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Figure 6. Isotopic results, Site 675. (A) Pore water 5180 and 5D versus depth. (B) Correlation of pore water calcium concentrations with 
5180 values. (C) Correlation of pore water magnesium concentrations with 5180 values. (D) Correlation of pore water oxygen and hydro
gen isotope ratios. All conventions as at Site 672 (Fig. 3) and Site 671 (Fig. 4). 

nificant offset from the isotopic patterns established in a tecton
ically undisturbed section. The only evidence that fluid flow 
along fault zones has perturbed isotopic profiles at Site 676 are 
the irregularities in the profiles of S180 and 5D (Fig. 7A), both 
of which correlate with the bulge in the chloride profile centered 
at 250 mbsf. Isotopic, chloride, and methane profiles at Sites 
675 and 676 are less disturbed than those at Site 671, which is in 
accord with the observation that deformation fabrics increase in 
intensity from east to west (pp. 489-490 & 511-513, Mascle, 
Moore et al., 1988). 

Mid-Accretionary Prism 

Further upslope along the accretionary prism, deformation 
becomes more intense. Slope deposits are cut by thrust faults. 
Early-formed low-angle scaly fabrics and thrust faults are ro
tated into steep orientations and are cut by second generation, 
low-angle, out-of-sequence thrust faults (pp. 316-318 & 391-
396, Mascle, Moore et al., 1988); stratal disruption by faulting 
also becomes apparent. Large-scale overturned and small-scale 
isoclinal folds are also formed. Fault zones are still marked by 
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Figure 7. Isotopic results, Site 676. (A) Pore water S180 and 5D versus depth. (B) Correlation of pore water calcium concentrations 
with 5180 values. (C) Correlation of pore water magnesium concentrations with 5180 values. (D) Correlation of pore water oxygen 
and hydrogen isotope ratios. All conventions as at Site 672 (Fig. 3) and Site 671 (Fig. 4). 

pore waters with low chlorinities, and at Site 674 fluid intrusion 
has caused a regional shift toward chloride concentrations as 
low as 2/3 that of seawater values (pp. 329 & 413, Mascle, 
Moore et al., 1988). Methane is absent from pore waters, even 
though sulfate is locally exhausted. 

Site 674 
The most striking feature of the profiles of oxygen and hy

drogen isotope ratios (Fig. 8A) is that there is much less scatter 
in the data compared with profiles from the deformation front, 
in spite of the much advanced structural complexity. 5lsO values 
decrease regularly through the top part of the section at Site 

674, but then the trend reverses, and oxygen isotope ratios in
crease again. Although volcanic ash was observed less fre
quently at Site 674 (pp. 405-406, Mascle, Moore et al., 1988), 
pore waters with high 5180 values have at one stage been 
strongly affected by alteration reactions because diagenetic 
smectite, which is a byproduct of the alteration of ash, is com
mon (Tribble, this volume), calcium concentrations of pore wa
ters increase above seawater concentrations (Fig. 8B), and mag
nesium concentrations become very low (Fig. 8C). Moreover, 
calcium concentrations of pore waters have been lowered by in
corporation of calcium into Syntectonic calcite veins. Hence, 
high 5180 values reflect intrusion of lsO-rich fluid, either on a 
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Figure 8. Isotopic results, Site 674. (A) Pore water 5180 and 5D versus depth. (B) Correlation of pore water calcium concentrations 
with 6lsO values. (C) Correlation of pore water magnesium concentrations with 6180 values. (D) Correlation of pore water oxygen 
and hydrogen isotope ratios. All conventions as at Site 672 (Fig. 3) and Site 671 (Fig. 4). 

regionally pervasive scale, or on a local scale, but long enough 
ago that diffusion has smoothed small-scale variations in 5180 
values. 

An interesting footnote to these data is that A5lsO:AMg ra
tios of pore waters in Oligocene and Eocene sediments reflect 
no "basement signal" (high A5lsO:AMg), in contrast to results 
from Site 671. We speculate that accretion of these sediments 
occurred long enough ago that intrusion of lsO-rich fluid and 

diffusion have erased the basement signal. Diffusion of material 
from the basement across the decollement zone must also be mi
nor. 

Deuterium is depleted at relatively shallow levels at Site 674, 
although the range of 5D values is the same as at other sites. 
However, there is a shift in 5180:5D ratios toward higher 5180 
values (Fig. 8D), suggesting that the 1 80/ 1 60 composition of in
truded fluid may be more distinct than the D/H composition. 
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Site 673 

Sediments at Site 673 are also highly deformed, and the prin
cipal deformation features include a large overturned fold, nu
merous thrust faults, Syntectonic carbonate veins, and pervasive 
scaly fabrics. Both oxygen and hydrogen isotope ratios change 
regularly with depth through the first 150 m of section, then re
main constant to the bottom of the hole (Fig. 9A), although 

both ratios are lower than in pore waters in early Miocene sedi
ments at Site 672. The homogeneous nature of the isotopic pro
files and S180:5D ratios (Fig. 9D) below 150 mbsf suggests that 
if variations in 5180 and 5D values existed, then they have been 
erased by diffusion. 

Two samples have high AS180:AMg ratios relative to ratios 
established at Site 672, and the deeper of these two samples 
(110-673B-12-2) is near a major thrust fault; however, no other 
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Figure 9. Isotopic results, Site 673. (A) Pore water 5lsO and 5D versus depth. (B) Correlation of pore water calcium concentrations 
with 6lsO values. (C) Correlation of pore water magnesium concentrations with 6180 values. (D) Correlation of pore water oxygen 
and hydrogen isotope ratios. All conventions as at Site 672 (Fig. 3) and Site 671 (Fig. 4). 
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chemical system is disturbed by this fault. Based on geochemi
cal data from pore waters (Fig. 9B & 9C; Gieskes et al., this vol
ume), alteration of volcanic ash is again deemed a major diage
netic process, although mineralogical data are lacking. Intru
sion of lgO-rich fluid along faults has caused high AS180:ACa 
and A5180:AMg ratios, notwithstanding the sink for calcium in 
Syntectonic calcite veins. 

Data from Sites 673 and 674 offer further constraints on the 
hydrogen isotope history of pore waters. If conversion of vol
canic ash to smectite is the main influence on hydrogen isotope 
ratios of pore waters, then changes in calcium and magnesium 
concentrations should be related to changes in 5D values. How
ever, as mentioned earlier, the range of 5D values remains con
stant across the accretionary prism, but changes in magnesium 
concentration are more than twice as great at Sites 673 and 674 
than at Site 672, and changes in calcium concentrations are only 
1/3 to 1/2 those at the reference site. Either other processes are 
responsible for the observed hydrogen isotope ratios in pore wa
ters, or fractionation of hydrogen isotopes between pore waters 
and clay minerals is complicated by the fact that hydrogen may 
be incorporated into hydroxyl groups and inter layer sites. 

DISCUSSION OF ISOTOPIC RESULTS 
Oxygen isotope ratios of pore waters in the Northern Barba

dos accretionary prism have principally been affected by altera
tion of volcanic ash and basaltic ocean crust. Deformation pro
cesses have led to modification of isotopic profiles by rapidly 
burying sediments along thrust faults, thereby changing diffu
sive path lengths, and by creating fractures and faults that per
mit migration of fluid of unusual isotopic composition. Based 
on the isotopic data, the decollement zone appears to be the 
principal fluid conduit. Interpretation of hydrogen isotope ra
tios are confounded because D/H fractionation processes in 
deep marine sediments are still too poorly understood to be use
ful. However, the pattern of hydrogen isotope ratio variation 
with depth indicates intrusion of an isotopically distinct fluid. 

Sources of Exotic Fluid 
Fluids that have been introduced into the accretionary prism 

along faults and fractures are enriched in 1 80, depleted in chlo
ride (fresher), and probably both enriched and depleted in deu
terium. Evidence from Holes 67IB and 67IC suggests that these 
geochemical characteristics may not always be present in a sin
gle water sample, leading to the hypothesis that several diage
netic processes may affect the geochemistry of exotic fluids (Fig. 
10). In attempting to identify possible sources for the exotic flu
ids, the variations in 1 80/ 1 60 and D/H ratios and chloride con
centrations must be combined with the fact that other major 
constituents (e.g., Ca & Mg) remain unchanged (Gieskes et al., 
this volume). The processes that are most likely to be responsi
ble for this group of changes include: smectite dewatering, clay 
membrane filtration, low-temperature mineral recrystallization, 
smectite recrystallization, and mineral dissolution. 

Smectite Dewatering 
Smectites contain water between aluminosilicate layers (e.g., 

Colten-Bradley, 1987) and although one or two layers may be re
tained until smectite is transformed to illite (Koster van Groos 
and Guggenheim, 1984; Koster van Groos and Guggenheim, 
1987; Colten-Bradley, 1987), some interlayer water may be lost 
earlier in the diagenetic history of the sediment. Interlayer water 
may be less saline (Chilingarian et al., 1973; Rosenbaum, 1976) 
than sea water although experimental evidence is not fully con
vincing. The oxygen and hydrogen isotope composition of inter
layer water is similarly controversial. 

Much interlayer water probably exists as hydration sheaths 
around cations attracted to interlayer sites by charge imbalances 

caused by cationic substitution and structural defects in the 
TOT sandwich structure (e.g. Colten-Bradley, 1987). The com
position of cations in interlayer sites strongly influences the po
tential oxygen isotopic fractionation between interlayer and 
bulk water because the presence of aluminum and magnesium 
in solutions causes large 1 80/ 1 60 fractionation (lOOOln a hydra-
tion-bulk water = 25 and 10%o, respectively; Taube, 1954; Sofer 
and Gat, 1972). The presence of singly charged cations, such as 
sodium, causes little or no isotopic fractionation. As Colten-
Bradley (1987) points out, smectites containing more than one 
water interlayer may contain divalent cations, suggesting that 
interlayer water may be enriched in 1 80. Hydrogen isotopes sim
ilarly appear to be fractionated by creation of hydration sheaths 
around cations with deuterium preferentially incorporated into 
the hydration sphere (Stewart and Friedman, 1975). 

In summary, it is plausible that interlayer water of clays is en
riched in both 180 and D, although direct tests are lacking. Loss 
of interlayer water into pore spaces may enrich pore waters in 
both 180 and D. The degree of enrichment may depend on the 
amount of interlayer water expelled and the composition of cat
ions in interlayer sites. Moreover, expulsion of interlayer water 
may be a fundamentally significant process in subduction zones 
where clay minerals are abundant; similar isotopic results from 
the Peru subduction zone have led workers to independently 
propose the same mechanism (Suess, von Huene et al., 1988). 
We suggest that loss of interlayer water from smectites may be 
an important process in generating fluids that subsequently mi
grate along faults. 

Membrane Filtration 
Slightly charged clay minerals may act as ionic filters causing 

ions to be retained in clays during water expulsion (Hanshaw 
and Coplen, 1973). However, membrane filtration causes the ex
pelled, "fresher" fluids to be depleted in 180 and deuterium 
while the residual, more saline fluid is enriched in 180 and deu
terium (Coplen and Hanshaw, 1973; Phillips and Bentley, 1987). 
These associations are opposite to the observed trends in ex
pelled fluids and may be only important in changing chloride 
concentrations. 

Low-Temperature Mineral Recrystallization 
Recrystallization of minerals formed at temperatures lower 

than the recrystallization temperature will enrich pore waters in 
180 as mineral-water fractionations decrease with increasing 
temperature. Given the regional increase in pore water 5180 val
ues observed at Sites 673 and 674, the dramatic increase in pore 
water 8180 values in the decollement zone (> l%o), and average 
porosities of 50% (Mascle, Moore et al., 1988), only smectite 
exists in sufficient abundance to produce this degree of isotopic 
change (Tribble, this volume). 

Smectite Recrystallization 
Transformation of smectite to illite has been proposed to oc

cur either by solid-state (Hower et al., 1976) or dissolution-re-
precipitation mechanisms (Boles and Franks, 1979). Only disso-
lution-reprecipitation reactions will modify the geochemistry of 
pore waters significantly so this mechanism is assumed here. 
Smectite formed at low temperatures will be strongly enriched in 
180 (Savin and Epstein, 1970), and release of large quantities of 
oxygen into the pore fluid during a smectite-illite reaction (e.g. 
Boles and Franks, 1979) will increase 3180 values of pore wa
ters. This effect was observed by Yeh and Savin (1977) in a study 
of the oxygen isotope ratios of clay minerals in Gulf Coast sedi
ments whereby an inferred increase in 5180 values of pore waters 
at temperatures between 55-90 °C correlates with the observa
tion of increasing proportions of illite in the sediment. Simi
larly, SD values of pore waters may also increase when smectite 
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Figure 10. Interpretive history of faulting and fluid migration in the decollement zone. To create a complex vertical stacking of pore water 
geochemistries within decollement zone, individual faults must intersect and tap fluids of variable chemistry from different regions along the 
decollement zone. Deformation rapidly jumps from one fault to another within the decollement zone to allow preservation of different fluid 
flow episodes in close vertical proximity. Once fluid is tapped, it may or may not mix with other fluids during migration. Relatively short-
travelled fluids will remain unmixed most easily while far-travelled fluids will eventually mix. Determining quantitatively how far fluids mi
grate without mixing will provide clues to the distance of fluid movement during faulting episodes. 

is transformed to illite (Yeh, 1980). Dissolution of smectite and 
precipitation of illite will consume potassium and release so
dium, calcium, magnesium, iron, and silica (Reaction 2, Boles 
and Franks, 1979); chloride concentrations in pore waters may 
decrease if interlayer water is added to pore fluids. 

If the smectite-illite transition is important in altering pore 
water 5180 values, then fluid travels from regions below the ac
cretionary prism where temperatures are at least 50 °C (e.g., 
Boles and Franks, 1979). If methane within the decollement 
zone is truly thermogenic (see Appendix), then it is possible that 
fluids are affected by processes occurring much deeper beneath 
the accretionary prism. Analyses of clay mineralogy indicate the 
presence of mixed layer illite-smectites, interpreted by Tribble 
(this volume) as forming in situ at lower than expected tempera
tures; curiously, mixed layer clays beneath the decollement zone 
at Site 671 occur in association with pore waters that appear un
affected by smectite-illite reactions. 

Mineral Dissolution 
Minerals are mostly enriched in 180 relative to waters so dis

solution may increase 5180 values of waters. However, at low 
temperatures, silica and carbonate solubilities in water are low. 
Irreversible dissolution will not quantitatively change pore water 
5180 values before a new mineral is precipitated which will then 
buffer any further fluid 1 80 enrichment. An exception to this 
statement is the dissolution of methane hydrates, which causes 
large enrichments of 180 and D in pore waters (Harrison et al., 
1982; Jenden and Gieskes, 1983; Hesse et al., 1985). However, 
dissolution of hydrates is interpreted to be unimportant in the 
Leg 110 area because hydrates have not been detected on seismic 
reflection profiles, methane concentrations are too low (Mascle, 
Moore et al., 1988), and the extent of deuterium enrichment in 
pore waters is too small. 

Stable Isotope Data—Evidence for the Style of 
Deformation and Fluid Transport 

Analyses of 6180 and 5D values of pore waters in the Barba
dos accretionary prism may help shed light on three aspects of 
the structural and hydrologic evolution, including: (1) the age of 
thrust faulting and associated fluid flow, (2) the deformation 
history of fault zones, (3) distances of fluid transport. 

Age of Faulting and Fluid Flow 

Heat diffuses faster than water (and constituent O- and H-
isotopes), which in turn diffuses more rapidly than major ele
ments, and by mapping diffusion profiles of each of these 
groups, it should be possible to estimate the time elapsed be
tween fluid flow along faults and fluid sampling. For example, 
at Site 673 (Fig. 9A), below 150 mbsf profiles of oxygen and hy
drogen isotope ratios are smooth whereas the profile of chloride 
concentrations is ragged. If the fluid intrusion events that pro
duced the low chlorinities were also associated with anomalous 
5180 and 5D values, then the time elapsed since fluid intrusion 
could be estimated to within a factor of ten (the difference in 
diffusion rates). Unfortunately, at this point it cannot be confi
dently determined that the intruded fluids were isotopically and 
chemically anomalous. 

Deformation Histories of Faults 
Understanding how fluids of different isotopic and geo

chemical composition mix during fluid migration may help dis
tinguish continuously flowing fluid that has entrained fluid ev
erywhere along its path from fluid migrating episodically and 
which only mixes with surrounding fluid between flow events. 
The apparent diversity in the geochemical character of fluids in
truded along faults in this study, especially in Holes 67IB and 
671C (Fig. 10), suggests that episodic fluid flow may be impor
tant here. 

Fluid Transport Distances 
Analyses of stable isotope ratios of pore waters and methane 

(Appendix) suggests that there may be a far-traveled component 
of fluid sampled in the decollement zone, thereby widening the 
range of potential diagenetic reactions that may be influencing 
the geochemical composition of migrating fluids. Other geo
chemical tracers may further constrain transport distances. 

SUMMARY 
Deformation of sediment in the Northern Barbados accre

tionary prism has led to fluid and volume loss at deeper struc
tural levels, resulting in fluid migration primarily along faults 
and fractures, especially the decollement zone. Fluids in fault 
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zones are distinguished by 180 enrichment relative to fluids in 
surrounding sediments and by their hydrogen isotope composi
tion. Because the present understanding of processes that cause 
fractionation of hydrogen isotopes in marine sediments is poor, 
it is currently impossible to determine whether fluids in fault 
zones are enriched or depleted in deuterium. Thrusting of sedi
ment packages has altered diffusion between sediment pores 
and the ocean and underlying basement, also resulting in the 
modification of the isotopic composition of pore waters. All of 
these changes are superposed on pore waters that have evolved 
as a result of low-temperature alteration of volcanic ash in the 
sediment and the underlying basaltic ocean crust. 

Likely sources of 180-rich fluid include dewatering of clay 
minerals by the collapse of smectite interlayers and smectite re
crystallization to form illite. Smectite recrystallization is in
ferred to be occurring deep beneath the accretionary prism, but 
whether fluid from such deep levels comprises a large compo
nent of the fluid migrating along faults is speculative. The hy
pothesis that a component of the fluid in faults is deeply de
rived is supported by the tentative interpretation of carbon iso
tope ratio measurements of methane sampled from the 
decollement zone (Appendix). One important barrier to tagging 
the source of fluids is the strong suggestion that fluids sampled 
along faults may be mixtures of fluids that have been influenced 
by different diagenetic processes. 

Further information about the history, age, and style of 
faulting in accretionary prisms may be gleaned from examina
tion of profiles of oxygen and hydrogen isotope ratios in con
junction with those of major element concentrations and tem
perature. Closely spaced sampling around fault zones will help 
define diffusivities across faults and therefore elucidate the ma
terial properties of sediments therein. 
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APPENDIX 
CARBON ISOTOPE RATIOS OF DISSOLVED METHANE GASES 

Mud from the decollement zone was sampled at two sites for shore
based analysis of carbon isotope ratios of methane. However, several 
difficulties in the sampling and analytical procedure have diminished 
the reliability of the data. These data and a detailed account of the 
method by which they were obtained are presented here in order to stress 
the limit to which the reported data may be interpreted. 

Sampling Procedure 
Head-space gas samples were taken according to procedures modi

fied from Kvenvolden and Redden (1980). Departures from this tech
nique include the fact that whole-round core samples could not be taken 
under the sample request protocol in effect during the cruise. Rather, 
samples were taken after the core had been cut into sections, although 
splitting of a single section was allowed immediately after the core had 
been brought into the laboratory. A sediment sample from half of the 
working section was immediately removed and placed into pint-sized 
cans. Helium-degassed seawater and HgCl2 were placed into the can 
with the sediment, and the can was subsequently sealed. The major dif
ficulty with this part of the procedure was that as much as 10-20 min
utes elapsed before the sample was finally sealed. Also, each sediment 
sample had a large surface area. Both factors may have promoted loss 
of methane from the samples. The air in the head-space of each sample 
can was not purged with helium gas following sample sealing, as recom
mended by Kvenvolden and Redden (1980), which led to problems dur
ing subsequent sample treatment (see below). This departure from stan
dard procedure came about because at the time of Leg 110, rigid sam
pling procedures by ODP and uncertainties about the best sampling 
techniques prevented the on-board sampling of the most undisturbed 
samples for isotopic analysis. 

Methane Purification and Conversion to C 0 2 

Mass spectrometric analysis of the carbon isotope composition of 
methane is accomplished by quantitative conversion of CH4 to C 0 2 at 
800°C in a CuO furnace. However, because the headspace sample con
tained large quantities of air as well as methane, the conversion was hin
dered. To overcome this problem, methane was separated from air by 
passing the gas sample through a Perkin-Elmer Sigma 2000 gas chro-
matograph with a Porapak type Q-packed column at 8°C. Gases emit
ted between ca. 4-7 minutes were collected as methane samples; passage 
of methane through the gas chromatographic column was monitered by 
the signal received from a hot wire detector. Methane was then trapped 
on a silica gel cooled to liquid nitrogen temperatures, and the helium 
carrier gas from the gas chromatograph was pumped away. Finally, 
methane oxidation produced C 0 2 which was analyzed by the mass spec-
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trometer. Results are reported in standard 6 notation in %o relative to the 
PeeDee Belemnite (PDB) standard. 

Accuracy of the methane/air separation and subsequent methane 
oxidation procedure was evaluated by preparing a sample of air with 
methane of known isotopic composition in proportions similar to those 
of the unknown samples. This "standard" sample was then subjected to 
the same procedure described above. 

Isotopic Results 
The quantity of methane gas in any one headspace sample was too 

small for mass spectrometric analysis (Table 2). This problem arose be
cause of the low concentrations of methane in the samples, and because 
the gas chromatographic separation process required discarding approx
imately 40% of each sample (N. B. Each sample was split before intro
duction into the gas chromatograph and no isotopic fractionation was 
therefore produced). To obtain a C 0 2 sample large enough for mass 
spectrometric analysis, individual samples were combined to produce 
two macro-samples (Table 2). 

Macrosample #1 consists of two samples taken from the decollement 
horizon. Sample 110-67ID was obtained from a core during an abortive 
attempt to deploy the packer in the decollement zone after Site 675 was 
drilled; this core was never logged in the ODP core archive (pp. 72-73, 
Mascle, Moore et al., 1988). The recovered core contained abundant 

Table 2. Carbon isotope composition of methane. 

Sample number 

Macrosample 1 

110-671D 

110-675A-8-6; 94-102 cm 

Macrosample 2 

110-676A-32-3; 39-53 cm 
110-676A-30-5; 90-104 cm 

-31-4; 12-26 cm 
-33-5; 90-104 cm 

Depth 
(mbsf) 

452 

388 

295 
279 
286 
308 

Sediment 
volume 
(cm3) 

ca. 150 

50 

100 
100 
100 
100 

Gas 
volume 
(/xmol) 

3 

1 

2 

4.5 

513C 
(%o) 

-22 .6 

-32 .4 

scaly green mudstone but lacked the characteristic reddish-orange radio-
larian-rich mudstone of the decollement horizon. Although a large mud 
sample was obtained from this core, it was sampled long after drilling 
because the core barrel became stuck in the drill string and remained 
there throughout the packer experiment. Once the drill string was re
trieved with the stuck core barrel, several hours elapsed before the core 
was finally freed and sampled. Sample 110-67ID may have lost some 
methane. Sample 110-675A-8X-6, 94-102 cm was similarly taken from 
the decollement zone, but below the level of the largest chloride and 
methane anomalies (pp. 493-494, Mascle, Moore et al., 1988). 

Macrosample #2 was made from four samples from Site 676 along 
what appears to be the seaward propagation of the decollement zone. 
This interval contains the lithologically distinct orangish-brown radio
larian mudstone charactertic of the decollement horizon at Site 671 (p. 
515, Mascle, Moore et al., 1988). Small chloride and methane anoma
lies were reported in Core 110-676A-31 (pp. 523 & 526, Mascle, Moore 
et al., 1988), which suggests that fluid flow has occurred at this level. 

The S13C values of methane in the two macrosamples are - 2 3 and 
-32%o, respectively (Table 2). The relatively similar values between 
these two samples is encouraging, given the numerous opportunities for 
disruption of the samples. Analysis of a standard methane sample pre
pared in the same manner as the sample gases was offset by + 11.8%o 
and suggests that the true isotopic ratios of the measured gases may be 
similarly offset. The source of the discrepancy may stem from contami
nation by a small amount of methane in the chromatographic column, 
although the column was periodically heated during sample analysis to 
drive off any adsorbed gases, or from incomplete collection of the sam
ple. Errors resulting from gas chromatograph-induced fractionation 
would likely cause the measured carbon isotopic ratios to increase (Gun-
ter and Gleason, 1971); for example if only the first 50% of the gas sam
ple was collected from the gas chromatograph, then 13C/12C ratios 
would be 5%o less. Therefore the carbon isotopic ratio of the first ma
crosample may actually be between - 37 to - 42%o, while the second 
macrosample may be between - 47 to - 52%o. 

Implications of Isotopic Results 

Methane with a 513C value of - 4 0 to -50%o is generally produced 
by thermal cracking of organic matter (Schoell, 1980). However, be
cause of the great potential for sample contamination, this interpreta
tion must remain tentative. In support of this interpretation is the fact 
that sulfate is found in samples with methane, suggesting that methane 
is not produced in situ. 
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