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ABSTRACT 

A ridge of strongly serpentinized, plagioclase-bearing peridotite crops out at the boundary between the Atlantic oce
anic crust and the Galicia continental margin (western Spain). These peridotites, cored at Hole 637A (ODP Leg 103) 
have been mylonitized at high-temperature, low-pressure conditions and under large deviatoric stress during their uplift 
(Girardeau et al., this volume). 

After this main ductile deformation event, the peridotite underwent a polyphase metamorphic static episode in the 
presence of water, with the crystallization of Ti- and Cr-rich pargasites at high-temperature (800°-900°C) interaction 
with a metasomatic fluid or alkaline magma. Introduction of water produced destabilization of the pyroxenes and the 
subsequent development of hornblendes and tremolite at temperatures decreasing from 750° to 350°C. The main ser
pentinization of the peridotite occurred at a temperature below 300°C, and possibly around 50CC, as a consequence of 
the introduction of a large amount of seawater, which is suggested by stable isotope (5180 and SD) data. Finally, calcite 
derived from seawater precipitated in late-formed fractures or locally pervasively impregnated the peridotite at low tem
perature («10°C). 

INTRODUCTION 

Mantle peridotites crop out along the ocean/continent bound
ary of the Iberian continental margin, forming a 10-km-long 
continuous ridge. According to Boillot et al. (1980), they were 
emplaced during the first stages of the Atlantic Ocean opening. 
This ridge was cored at Site 637 during Ocean Drilling Program 
(ODP) Leg 103. The section of cored peridotite is about 70 m 
long and provides well-located samples from the upper part of 
the ocean floor. The samples are all strongly altered; they are al
most completely serpentinized but also contain other hydrous 
phases such as amphibole, providing evidence of a polyphased 
history of interaction with a fluid. 

The purpose of this paper is to retrace the alteration history 
of these rocks through petrological and stable isotope study of 
the secondary assemblages, that is, to determine when and at 
what temperature water penetrates and reacts to form secondary 
minerals. This should help in understanding the mechanism of 
emplacement of mantle peridotites in an opening rift, during 
the initial stages of ocean formation. 

SUMMARY OF THE MAIN LITHOLOGIC, 
STRUCTURAL, A N D PETROLOGIC 

CHARACTERISTICS OF THE HOLE 637A 
PERIDOTITES 

A 70-m-thick peridotite section was cored at Hole 637A, 
near where these rocks crop out on the seafloor at the boundary 
between the Atlantic Ocean floor to the west and the Iberian 
continental margin to the east (Fig. 1). The peridotite section is 
homogeneous, displaying a well-marked foliation plane dipping 
at about 20° with respect to horizontal in the first 50 m of the 
section and at about 70° below that. At the top and base of the 
section (Cores 103-637A-23R and 103-637A-29R), the peridoti-

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

tes are strongly brecciated and pervasively replaced by calcite. 
Massive serpentine fills fractures formed parallel or subperpen-
dicular to the main foliation and, with calcite, is observed al
most everywhere along the cored section. This gives most of the 
peridotite a yellow-brown color except in less fractured areas, 
where the peridotites are black. 

Although the Hole 63 7A peridotites are intensively trans
formed into serpentine (generally to 90%) or other secondary 
products, such as amphiboles, relicts of primary phases (partic
ularly orthopyroxene, clinopyroxene, and spinel) are usually still 
present. Olivine is very rare and was found only in a few sam
ples. Plagioclase is locally abundant (a few percent) rimming 
spinel or forming isolated, discontinuous thin veins. Consider
ing their modal composition, the peridotites are spinel or spinel 
and plagioclase harzburgites or lherzolites. They are locally en
riched or depleted in orthopyroxene, and some display clinopy
roxene lenses, a few millimeters thick and several centimeters 
long. Temperatures of equilibration of 960° to 1100°C have 
been estimated from the peridotite primary assemblage (Boillot 
et al., 1980; Girardeau et al., this volume; Kornprobst and 
Talbit, this volume; Evans and Girardeau, this volume). 

The "primary" high-temperature tectonic structures of the 
Hole 637A peridotites are perfectly preserved, except in the cal-
cite-rich samples. The peridotites appear strongly deformed, 
showing evidence of intense stretching. They have recrystallized 
at various degrees along shear bands crosscutting the primary 
foliation. From textural and petrological analyses of the pri
mary phases, Girardeau et al. (this volume) concluded that the 
peridotite underwent a high-strain (Y=12)-high-stress («180 
MPa) ductile deformation event, at a temperature decreasing 
from 1000° to 850°C and a pressure down to 0.2 GPa, possibly 
in hydrous conditions. 

The peridotites do not display any moderate- to low-defor
mation structures that could be related to their final emplace
ment, except for some fracturing. This raises the problem of the 
serpentinization event, which could have occurred in subsurface 
conditions or could represent a deeper and earlier phenomenon. 
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A A 
Figure 1. Bathymetric map (A) and synthetic cross section (B) showing the location of Hole 637A peridotites drilled during ODP Leg 103 at 
the boundary between the oceanic domain and Galicia. 1 = post-rift sediments; 2 = syn-rift sediments; 3 = continental basement; 4 = ser
pentinized peridotite; S = S seismic reflector (from Boillot et al., this volume). 

TEXTURE A N D CHEMISTRY OF SECONDARY pletely preserved. Serpentinization occurred under static condi-
PHASES tions, as evidenced by the preservation of most details of the 

original rock texture. Most samples consist predominantly of 
All samples are extensively serpentinized. In increasing order mesh texture serpentine plus magnetite replacing olivine. Pyrox-

of resistance to alteration are plagioclase and olivine, orthopy- ene crystals are replaced by fibrous serpentine, bastite, which 
roxene, clinopyroxene, and finally spinel, which appears com- preserves their initial shapes. For instance, the elongate shape of 

226 



HYDROTHERMAL ALTERATION OF PERIDOTITES 

orthophyroxene porphyroclasts remains obvious even when com
pletely replaced by bastite (Pl. 1, Fig. 1). Talc may occur in or
thopyroxene pseudomorphs, either interbanded with serpentine 
or as an outer rim (Pl. 1, Fig. 2). Serpentine also fills narrow 
veins (sometimes up to 1 cm thick). The most striking character 
of these peridotites is the relative abundance of amphiboles, 
showing various textures, as will be discussed subsequently. Fi
nally, large calcite veins, postdating all the other secondary 
phases, locally crosscut the rocks. In some cases calcite also oc
curs in mineral pseudomorphs, for example, in the center of ser
pentine cells. 

Some of the secondary minerals, mostly amphiboles and ser
pentine, were analyzed with a microprobe in order to determine 
their chemistry and conditions of formation. Analyses were per
formed with a CAMEBAX microprobe (Camparis, Universite 
Pierre et Marie Curie) using a combination of oxides and natu
ral minerals as standards. The accelerating voltage was 15 kV, 
the beam current 20 mA, and the counting time varied between 
10 and 20 s, depending on the elements. A disfocused beam was 
used for serpentine and talc crystals. 

Amphiboles 
Although amphiboles have been described in some oceanic 

serpentinites (Aumento and Loubat, 1971; Kimball et al., 1985), 
they generally are not common in this type of rock, and most 
serpentinites are completely devoid of amphiboles (Prichard, 
1979; Michael and Bonatti, 1985). In the Hole 637A serpentin
ites, amphibole is not only abundant but displays a large variety 
of textures corresponding to a wide range in composition. 

Large, isolated crystals of pale brown-green amphiboles (up 
to 200 fim in width) are associated with clinopyroxene pseudo
morphs (Pl. 1, Fig. 3). Smaller elongated crystals are much 
more abundant and are commonly concentrated at the periph
ery of the orthopyroxene pseudomorphs. In Sample 103-637A-
26R-4, 67-69 cm, amphibole penetrates inside the pyroxene along 
cleavages (Pl. 1, Fig. 4). Such a texture recalls clinopyroxene ex
solution in orthopyroxene (as illustrated in Aumento and Loubat, 
1971), and amphibole has likely replaced exsolved clinopyrox
ene. In Sample 103-637A-37R-2, 20-26 cm, large needles of col
orless amphiboles have grown on a spinel grain (Pl. 1, Fig. 5). 
Amphibole occurs most commonly as intergrown colorless nee
dles, commonly aligned in bands or veins as if replacing a pre
vious elongated phase (pyroxene?) (Pl. 1, Fig. 6). 

The growth of amphiboles is never related to a deformation 
event and they all appear to have formed under static condi
tions. Microprobe analyses show that all of the amphiboles are 
calcic. Their structural formulas were calculated on 23 oxygens, 
considering all iron as ferrous (Table 1). An A1IV vs. (Na + K) 
diagram plots in two dense groups, with scattered points be
tween the two, close to a trend typing pargasite and tremolite 
(Fig. 2A). 

The most tabular crystals are pargasite. These are particu
larly abundant in Sample 103-637A-26R-4, 67-69 cm, where 
they surround and penetrate orthopyroxene crystals. Pargasite 
forms some small crystals in other samples. They are always 
iron poor (2-3 wt%) and contain appreciable amounts of chro
mium (1.5-2.3 wt% Cr203) and titanium (1.5-3.3 wt<% Ti02). 
Representative analyses are relatively scattered in a Cr vs. Ti di
agram (Fig. 2B). The chromium content is constant, but the ti
tanium content is differentiated into two groups, one low in tita
nium (Sample 103-637A-26R-4, 67-69 cm) and another much 
enriched in that element, corresponding to all of the other sam
ples. The potassium content is always low (<0.1 wt% K20), ex
cept in Sample 103-637A-27R-5, 48-50 cm, where titanium-rich 
pargasites contain 0.4 wt% K20. All pargasites have chlorine 
below detection. 
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Figure 2. Amphibole compositions. A. A1IV vs. (Na + K of Hole 627A 
samples). The field within the dotted line corresponds to the amphibole 
from oceanic peridotites (Malaita xenoliths, unpubl. data). B. Cr/Ti for 
pargasites. 

Intermediate compositions corresponding to hornblendes s.l. 
are less common. They are not particularly associated with py
roxenes, and the best example is the large needles that have 
grown on a spinel grain in Sample 103-637A-27R-2, 20-26 cm. 
Figure 2B shows that they contain small amounts of titanium 
and chromium, are postassium poor, and may contain up to 0.2 
wt% chlorine. 

Tremolite compositions correspond to fibrous colorless nee
dles. Their iron content is very low (2-3 wt%). 

Serpentine and Talc 
X-ray diffraction (XRD) patterns obtained on bulk samples 

confirm the shipboard results: serpentine is either lizardite or 
chrysotile, and no antigorite was detected. Representative analy
ses of serpentines are listed in Table 2. 

Serpentine occurs in two major microstructural sites: after 
pyroxene (bastite) and after olivine (mesh texture). It also occurs 
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Table 1. Representative analyses of amphiboles. 

Si02 
Ti2 
A1203 
Cr 20 3 
FeO 
MnO 
MgO 
NiO 
CaO 
Na20 
K20 
Cl 

Total 

103-637A-ZOK-1, 
55-58 cm 

Tabular 
pargasite 

42.94 
3.35 

14.28 
1.51 
3.19 
0.00 

16.77 
0.12 

12.55 
3.23 
0.14 
0.00 

98.08 

Fibrous 
tremolite 

58.05 
0.09 
1.09 
0.05 
1.85 
0.04 

23.32 
0.02 

13.68 
0.21 
0.02 
0.00 

98.42 

Structural formulas (23 oxygens) 

Si 
A1IV 

A1VI 

Ti 
Cr 
Fe 
Mn 
Mg 
Ni 
MgM4 
Ca 
NaM4 
NaA 
K 

Total 

6.081 
1.919 
0.466 
0.357 
0.169 
0.378 
0.000 
3.540 
0.014 
0.000 
1.905 
0.095 
0.792 
0.025 

15.817 

7.879 
0.121 
0.053 
0.009 
0.005 
0.210 
0.005 
4.715 
0.012 
0.003 
1.990 
0.007 
0.048 
0.003 

15.051 

Large 
individual 
pargasite 
crystal 

43.53 
1.51 

15.09 
1.96 
3.11 
0.02 

17.25 
0.00 

11.69 
2.77 
0.03 
0.00 

97.96 

6.147 
1.853 
0.659 
0.160 
0.219 
0.368 
0.002 
3.594 
0.000 
0.039 
1.769 
0.192 
0.841 
0.005 

15.846 

103-637A-26R-4, 67-69 cm 

Tabular 
pargasite 

43.94 
2.18 

14.32 
1.82 
2.84 
0.05 

17.72 
0.11 

12.30 
3.08 
0.02 
0.00 

98.38 

6.172 
1.828 
0.544 
0.230 
0.202 
0.334 
0.006 
3.672 
0.012 
0.038 
1.852 
0.110 
0.729 
0.004 

15.732 

Pargasite 
after 

clinopyroxene 
exsolution 

43.75 
1.58 

14.83 
1.73 
2.78 
0.05 

17.20 
0.00 

12.08 
3.43 
0.03 
0.00 

97.46 

6.194 
1.806 
0.670 
0.168 
0.194 
0.330 
0.006 
3.631 
0.000 
0.000 
1.830 
0.170 
0.771 
0.005 

15.777 

Fibrous 
tremolite 

58.21 
0.06 
0.48 
0.12 
2.33 
0.06 

23.22 
0.03 

13.51 
0.20 
0.00 
0.00 

98.22 

7.931 
0.069 
0.008 
0.006 
0.013 
0.266 
0.007 
4.697 
0.003 
0.019 
1.973 
0.009 
0.044 
0.000 

15.044 

103-637A-
27R-2, 

20-26 cm 
Hornblende 

50.97 
0.04 
8.02 
0.23 
2.57 
0.03 

20.64 
0.08 

13.18 
1.59 
0.03 
0.12 

97.47 

7.099 
0.901 
0.416 
0.004 
0.025 
0.299 
0.004 
4.243 
0.009 
0.042 
1.967 
0.000 
0.429 
0.005 

15.435 

103-63 /A-z/K-j, 
21-24 cm 

Tabular 
pargasite 

42.76 
3.20 

14.19 
2.36 
3.19 
0.00 

16.34 
0.00 

12.16 
3.65 
0.05 
0.00 

97.90 

6.076 
1.924 
0.454 
0.342 
0.265 
0.379 
0.000 
3.461 
0.000 
0.000 
1.852 
0.148 
0.858 
0.009 

15.867 

Tremolite 

57.51 
0.07 
0.59 
0.02 
2.37 
0.05 

22.46 
0.00 

13.15 
0.27 
0.01 
0.00 

96.51 

7.966 
0.034 
0.062 
0.007 
0.002 
0.275 
0.006 
4.637 
0.000 
0.000 
1.952 
0.048 
0.024 
0.002 

15.026 

Tabular 
pargasite 

44.17 
3.06 

13.75 
2.06 
2.93 
0.06 

17.72 
0.00 

11.36 
3.45 
0.38 
0.00 

98.94 

6.180 
1.820 
0.449 
0.322 
0.228 
0.343 
0.007 
3.651 
0.000 
0.044 
1.703 
0.252 
0.684 
0.068 

15.752 

103-637A-27R-5, 
48-50 cm 

Hornblende 

51.75 
0.16 
6.91 
0.28 
2.33 
0.15 

20.20 
0.00 

12.12 
1.23 
0.02 
0.00 

97.15 

7.185 
0.815 
0.316 
0.017 
0.031 
0.271 
0.018 
4.348 
0.000 
0.246 
1.803 
0.000 
0.331 
0.004 

15.385 

Tremolite 

57.72 
0.00 
1.34 
0.00 
1.57 
0.11 

24.39 
0.00 

12.63 
0.27 
0.00 
0.00 

98.03 

7.838 
0.162 
0.053 
0.000 
0.000 
0.178 
0.013 
4.75tf 
0.000 
0.181 
1.838 
0.000 
0.071 
0.000 

15.090 

in veins or around spinel or amphibole crystals. Figure 3 shows 
that serpentine composition is strongly influenced by the chem
istry of the mineral it replaces. Serpentine after orthopyroxene 
is consistently enriched in aluminum with respect to serpentine 
after olivine, for similar iron contents. This suggests that alumi
num is immobile during serpentinization and remains in the or
thopyroxene site (Bonatti and Hamlyn, 1981). Some exception
ally Al-rich (up to 12 wt% A1203) phyllites occur in pseudo
morphs from Sample 103-637A-26R-4, 67-69 cm. These might 
correspond to a mixture with chlorite or to talc-chlorite. 

In primary assemblages, chromium enters pyroxenes (other 
than spinel) and nickel enters olivine. Michael and Bonatti (1985) 
have already noted that chromium enters bastite, and they used 
the chromium content of bastite to discriminate between ortho
pyroxene and clinopyroxene pseudomorphs. In this case, it is 
also clear that chromium does not migrate during serpentiniza
tion and remains in the pyroxene sites. Serpentine from orthopy
roxene pseudomorphs commonly contains between 0.4 and 0.6 
wt% Cr203 , which is the average content of orthopyroxene, 
whereas serpentine after olivine is completely devoid of chro
mium. However, the case of nickel is different. Small amounts 
of nickel (0.2 to 0.4 wt% NiO) are present in serpentine after 
both olivine and orthopyroxene, although the latter does not 
contain nickel. Nickel is therefore mobilized and redistributed in 
the whole rock during serpentinization. This is also evidenced 
by the presence of scattered secondary nickel and iron sulfides. 

Serpentine may contain appreciable amounts of chlorine. A 
histogram of chlorine (Fig. 3) shows a wide range of values, up 
to an isolated maximum of 0.9 wt% Cl. It is not known how 
chlorine enters the lattice structure of serpentine. Rucklidge and 
Patterson (1977) suggested that chlorine is present in the form 
of submicroscopic grains of the compound Fe2(OH)3 in the al
tered dunites that they studied, whereas in other cases chlorine 
is thought to replace (OH") in the serpentine structure (Ruck

lidge, 1972). Although the samples come from a submarine en
vironment, it is clear that these values do not correspond to 
NaCl precipitates from seawater because Na 20 is always very 
low (<0.05 wt%) and does not correlate with chlorine. The 
chlorine content shows no relation with the serpentine texture. 
Appreciable amounts of chlorine have been measured in other 
oceanic serpentines: up to 0.5 wt% in serpentines from the Gor
ringe Bank (about 300 km south of the Galicia Bank) and up to 
0.4 wt% in serpentines from Deep Sea Drilling Project (DSDP) 
Hole 556 (C. Mevel, unpubl. data). Further studies are neces
sary to determine how chlorine enters serpentine, but its pres
ence in serpentinites must be emphasized because it may influ
ence the chemical budget of chlorine in the ocean and play a 
role in subduction zones. 

Talc occurs only in orthopyroxene pseudomorphs. It con
tains about 3 wt% of A1203, 2 wt% FeO, and appreciable chro
mium (0.3-0.6 wt% Cr203), again demonstrating the immobil
ity of this element. 

PETROLOGIC IMPLICATIONS: DISCUSSION ON 
THE ORIGIN OF THE HYDROUS PHASES 

The nature and composition of secondary phases found in 
the Hole 63 7A peridotites imply a polyphase history. The ser
pentine species present in the rocks (lizardite and chrysotile) are 
the low-temperature varieties (Wenner and Taylor, 1971; Evans 
et al., 1976; Moody, 1976). However, the presence of antigorite 
in Hole 637A peridotites cannot be ruled out. In the Gorringe 
Bank sepentinites, antigorite is present and concentrated in shear 
zones (Prichard, 1979). Such late shear zones were not observed 
in Hole 637A, but we cannot exclude that they were lost during 
the drilling process, considering that only 39 m of rock was re
covered from the 70-m-long cored section. The presence of li
zardite and chrysotile indicates that most of the serpentiniza
tion process occurred at temperatures below 300°C. On the 
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Table 2. Representative analyses of serpentines. Structural formulas are calculated on the basis of 7 oxygens, execpt for talc-chlorite analysis (28 oxy
gens). 

103-637A-26R-1, 55-58 cm 103-637A-26R-4, 67-69 cm 103-637A-27R-2, 20-26 cm 103-637A-27R-5, 48-50 cm 

Sample 

Si02 
Ti0 2 
AL 2 0 3 
Cr 2 0 3 
FeO 
MnO 
MgO 
NiO 
CaO 
Na 2 0 
K 2 0 
Cl 

Total 
Cl = 0 

Total — Cl 

Si 
Ti 
Al 
Cr 
Fe 
Mn 
Mg 
Ni 
Ca 
Na 
K 

Total 
Cl 

Serpentine after 
orthopyroxene 

40.58 
0.03 
5.38 
0.46 
6.28 
0.04 

28.73 
0.32 
0.59 
0.05 
0.11 
0.04 

82.61 
0.01 

82.60 

2.023 
0.001 
0.316 
0.018 
0.262 
0.002 
2.135 
0.013 
0.032 
0.005 
0.007 
4.814 
0.003 

Serpentine 
after olivine 

42.88 
0.03 
0.13 
0.00 
5.61 
0.01 

37.35 
0.43 
0.21 
0.04 
0.00 
0.07 

86.76 
0.02 

86.74 

2.042 
0.001 
0.007 
0.000 
0.223 
0.000 
2.651 
0.016 
0.011 
0.004 
0.000 

4.955 
0.006 

Serpentine after 
orthopyroxene 

42.07 
0.09 
2.63 
0.64 
4.69 
0.08 

36.89 
0.10 
0.01 
0.01 
0.00 
0.06 

87.27 
0.01 

87.26 

1.980 
0.003 
0.146 
0.024 
0.185 
0.003 
2.587 
0.004 
0.001 
0.001 
0.000 

4.933 
0.001 

Serpentine 
after olivine 

42.19 
0.01 
0.01 
0.04 
4.85 
0.00 

39.40 
0.24 
0.02 
0.00 
0.00 
0.16 

86.92 
0.04 

86.92 

2.003 
0.000 
0.001 
0.002 
0.193 
0.000 
2.788 
0.009 
0.001 
0.000 
0.000 

4.996 
0.013 

Talc-chlorite(?) 

37.94 
0.15 

11.28 
0.90 
2.50 
0.00 

34.50 
0.14 
0.04 
0.04 
0.00 
0.01 

87.50 
0.00 

87.50 

7.043 
0.021 
1.944 
0.132 
0.388 
0.000 
9.546 
0.021 
0.008 
0.014 
0.000 

19.643 
0.003 

Serpentine 
after olivine 

41.39 
0.00 
0.00 
0.00 
4.24 
0.04 

37.28 
0.15 
0.05 
0.03 
0.01 
0.19 

83.38 
0.04 

83.34 

2.038 
0.000 
0.000 
0.000 
0.175 
0.002 
2.737 
0.006 
0.003 
0.003 
0.001 

4.963 
0.016 

Serpentine after 
orthopyroxene 

42.62 
0.04 
3.71 
0.60 
4.77 
0.05 

35.07 
0.08 
0.07 
0.07 
0.01 
0.13 

87.22 
0.03 

87.19 

2.001 
0.001 
0.205 
0.022 
0.187 
0.002 
2.454 
0.003 
0.004 
0.006 
0.001 
4.887 
0.010 

Serpentine 
after olivine 

39.39 
0.00 
0.11 
0.03 
5.40 
0.08 

38.35 
n.d. 
0.03 
0.00 
0.01 
n.d. 

83.39 
— 

83.39 

1.958 
0.000 
0.006 
0.001 
0.225 
0.003 
2.843 
— 

0.002 
0.000 
0.000 
5.038 
— 

Serpentine after 
orthopyroxene 

38.70 
0.08 
2.60 
0.91 
5.31 
0.07 

35.58 
n.d. 
0.03 
0.00 
0.01 
n.d. 

83.29 
— 
-

1.924 
0.003 
0.153 
0.036 
0.221 
0.003 
2.637 
— 

0.002 
0.000 
0.001 
4.979 
— 

Note: n.d. = not detected. 

other hand, amphiboles, and particularly the pargasites, reflect 
much higher temperatures of alteration. 

Jenkins (1983) discussed the stability of calcic amphiboles in 
ultramafic rocks. He showed that tremolite is stable up to 750°C 
and becomes progressively enriched in aluminum up to parga
site, which breaks down around 1050°C. Iron lowers these tem
peratures (Gilbert, 1966), but in the Hole 637A peridotite sam
ples, the Mg/(Mg + Fe) ratio is always very high (0.9). These 
results suggest that pargasite formed at very high temperatures, 
probably between 800° and 900°C. 

Primary mantle-derived pargasite and Ti-pargasite are known 
in lherzolite xenoliths from the continental environment (Daw
son and Smith, 1982). Such amphiboles are also present in a 
number of peridotite massifs, such as Finero, Ronda, and Lherz, 
and, here again, are considered as primary mantle features. 
Pargasites seem to be scarce in peridotites from oceanic envi
ronments, but this probably results from the limited sampling. 
However, such amphiboles have been long known in St. Paul's 
rocks peridotites (Melson et al., 1967, 1972), occurring as a pri
mary phase in amphibole-bearing peridotites interpreted as de
rived from pyroxene-rich peridotites by a reaction involving cli
nopyroxene and water at high temperature. The peridotites have 
been mylonitized during their emplacement, and secondary 
pargasitic hornblende formed locally after the mylonitization. 
The titanium content of St. Paul's rocks pargasites is similar to 
that measured in Hole 637A peridotite pargasites. Unfortu
nately, chromium was not analyzed in St. Paul's rocks peri
dotite, which makes comparison difficult. Kimberlites have also 
been sampled from the Pacific Ocean mantle at Malaita Island 
of the Salomon Archipelago. The mantel xenoliths are lherzoli
tes in which light brown amphiboles occur as a primary phase 
(Mixon and Coleman, 1978; Bertrand and Mercier, 1983). The 
amphiboles either rim primary Cr-rich diopside or constitute 
isolated crystals. They are Ti- and Cr-rich pargasite hornblendes 
similar to the Hole 637A pargasites. Abundant Ti- and Cr-rich 
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pargasite also occurs in Zabargad Island (Red Sea) peridotites 
(Bonatti et al., 1986) and is thought to be emplaced during the 
first stage of ocean formation, similar to the Hole 637A peri
dotites (Bonatti et al., 1981; Nicolas and Boudier, 1987). These 
amphiboles are interpreted as resulting from the reaction of me
tasomatic fluids with spinel lherzolites in the upper mantle 
(Bonatti et al., 1986). 

In the Hole 637A peridotites, some amphiboles obviously 
formed by reaction between clinopyroxene and a hydrous fluid 
phase (Pl. 1, Fig. 5). Others (Pl. 1, Figs. 3 and 4) seem to have 
formed independently. Because of the strong serpentinization of 
all the samples, it is difficult to interpret the textures. However, 
we suggest that Ti- and Cr-rich pargasite formed at very high 
temperatures (800°-900°C) in the mantle from interaction with 
metasomatic fluid and/or possibly from a magma percolating 
in the peridotites. The chromium content of pargasites may be 
inherited from the clinopyroxene. But the titanium content (up 
to 3%) is too high and requires an external source, which could 
be either the metasomatic fluid or the magma. It should be 
pointed out, however, that the potassium content of pargasites 
from the Hole 637A peridotites is very low. This suggests that if 
metasomatism occurred, the fluid was not potassic, as opposed 
to St. Paul's rocks, in which phlogopite is associated with parga
sites. 

Pargasites formed under mantle conditions are in two exam
ples of opening-rift peridotites: a present-day form at Zabargad 
Island and a fossil occurrence at Site 637 (this study). Although 
we have observed that pargasites generally do not occur in oce
anic peridotites from other environments (Aumento and Loubat, 
1971; Kimball et al., 1985), they are known in St. Paul's rocks. 
This particular geodynamic setting of a rift opening between 
two continents might explain the metasomatism, but other ex
amples are necessary to verify this assumption. 

Hornblendes and tremolites are more common in oceanic 
peridotites. They are stable under lower temperature, amphibo-
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Figure 3. Serpentine compositions. A. Al vs. Fe diagram. B. Chlorine 
content. 

lite and greenschist facies (Evans, 1982). They probably formed 
at a temperature decreasing from 750° to 350°C. Development 
of these amphiboles requires water, which can be supplied either 
by destabilization of primary pargasite or, more likely, by intro
duction of water during uplift. The higher abundance of tremo
lite as compared to hornblende suggests increasing penetration of 
seawater with decreasing temperature, that is, with decreasing 
depth. But the major difference with St. Paul's rocks is that all 
of the amphiboles grew under static conditions. Some serpen
tine may have started growing with tremolite, but the bulk of 
the serpentinization occurred at lower temperatures (<300°C), 
as evidenced by nature of the serpentine species (lizardite and 
chrysotile). Carbonates precipitated during a final stage, filling 
open fractures at much lower temperatures. 

OXYGEN A N D HYDROGEN STABLE ISOTOPE 
DATA 

Analytical Procedures 
Oxygen was extracted from silicate rocks by chlorine trifluoride 

(Borthwick and Harmon, 1982; J. R. O'Neil, pers, comm., 1985) and 
reacted with carbon to give C02. In Table 3, "silicates" refers to the 
whole rock, without calcite. 

C02 was extracted from calcite by 100% H3P04 at 25cC (McCrea, 
1954). 

Hydrogen, extracted mainly in the H20 form by fusion in an induc
tion furnace, was obtained by reduction on hot uranium metal (Bige-
leisen et al., 1952). The hydrogen yield was manometrically measured 
for precise determination of H 20+ contents. 

C02 and H2 were run on a mass spectrometer to give 180/160, 13C/ 
12C, and D/H ratios. 

The isotopic composition of a sample is given as 

'sample (R /Rstd - 1) x 1000, sample7 ^-std 

where R is 180/160, 13C/12C, and D/H, and the standard is SMOW for 
oxygen and hydrogen and PDB for carbon (6 values are expressed per 
mil). 

Clinopyroxene crystals were picked under a binocular lens. The iso
topic data are given in Table 3 and plotted in Figure 4. 

Serpentine 
The whole-rock H 2 0 + contents (>6.2 wt%) show that these 

rocks are almost completely hydrated into serpentine materials 
(lizardite or chrysotile with minor amounts of magnetite), al
though they still contain scarce fresh primary phases (clinopy
roxene and orthopyroxene). Because these relicts and secondary 
magnetite are present only in small amounts, the 518Osi and 
<5Dwr are considered to be virtually those of the serpentines (8180 
and <5D mean values are about 10.3 and - 75, respectively). The 
serpentine data from Table 3 are shown in Figure 4, along with 
oceanic values from previous work (Wenner and Taylor, 1973; 
Sheppard, 1980; Bonatti et al., 1980, 1984). 

As discussed by Sakai and Tsutsumi (1978), the interpreta
tion of the oceanic serpentine's 5D presents a problem depend
ing on which serpentine-water hydrogen fractionation curves are 
used. Using a magmatic water-seawater mixture (ratio > 1/1), a 
high-temperature origin (T > 300 °C) can be inferred (as for the 
experimental one of Sakai and Tsutsumi, 1978), whereas a low-
temperature origin (T < 250°C) from seawater can be deduced 
on the basis of the empirical calibration of Wenner and Taylor 
(1973). 

This contrast is also displayed by the Hole 637A serpentines, 
which plot (Fig. 4) at the high 5180-low SD end of the oceanic 
serpentine field and below the low-temperature side of the curve 
that represents serpentine in isotopic equilibrium with seawater 
(<5D = 0), as suggested by Wenner and Taylor (1971, 1973). 
However, according to the experimental serpentine-water hydro
gen curve of Sakai and Tsutsumi (1978), the 5D's of these ser
pentines would be permissive of magmatic or metamorphic flu
ids instead of seawater (5D between - 45 and - 95) at a temper
ature between 500° and 300°C. 

Nevertheless, Sakai and Tsutsumi (1978) have shown that ki
netic effects on hydrogen isotopic fractionation can occur dur
ing the formation of serpentine and can explain the 6T> of the 
oceanic serpentines in terms of a low-temperature origin from 
seawater alteration. In addition, their experimental data show 
that serpentine (chrysotile) quickly exchanges its hydrogen iso
topes with water, even at a low temperature («100°C), and there
fore, that preservation of the hydrogen kinetic fractionation and 
the high-temperature 5D from later exchange with fluids seems 
unlikely. Hence, we consider that the 5D's of the serpentine are 
not conclusive for the nature of the serpentinizing fluids be
cause they were probably acquired at low temperature (< 100°C), 
which freezes the hydrogen composition of the serpentines. 

The serpentine-water oxygen fractionation curve has not yet 
been experimentally determined, but Wenner and Taylor (1971) 
have suggested that it could be similar to that of the chlorite-wa-
ter oxygen fractionation curve. Accordingly, they have estimated 
temperatures of serpentine formation from the serpentine-mag
netite oxygen fractionation. The inferred temperatures are in the 
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Table 3. 1 60/1 80, 13C/12C, and D/H analyses of Hole 637A peridotites. 

Sample 

103-637A-26R-3, 31-33 cm 
26R-3, 8-11 cm 
26R-1, 55-58 cm 
25R-5, 141-144 cm 
25R-5, 141-144 cm 
27R-3, 29-32 cm 
27R-3, 46-50 cm 

513C 

1.1 
1.8 
0.3 

- 9 . 2 
- 4 . 5 

Calcite 

518C 

31.4 
30.9 
31.5 

21.6 
34.7 

CaC0 3 
(wt%) 

30 
20.5 
18.3 

0.03 
0.04 

Silicate 

<518C-

a 10 .7 
a8.9 

a10.1 
a11.5 

11.7 

51 80 cpx 

6.3 

6.2 
6.5 

Whole rock 

5Dwr 

- 7 0 
- 8 5 
- 7 5 
- 7 5 

H 2 0 + 

(wt%) 

6.2 
9.3 
9.4 

12.0 

a Calcite removed by gentle HC1 attack. 
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Figure 4. 5180 vs. 5D for dredge or core samples of oceanic serpentines 
(Hole 637A peridotites, ODP Leg 103, this study; Wenner and Taylor, 
1973; Sheppard, 1980). The distribution of serpentinite 5180 analyzed 
by Bonatti et al. (1980) is outside this diagram. The curve represents ser
pentine in equilibrium with seawater at temperatures less than 300°C, 
according to Wenner and Taylor (1973) and Sheppard (1980). 

range of 200° to 50°C for the lizardite + chrysotile materials of 
the oceanic ultramafic rocks. They are compatible with those 
that would be expected if seawater was involved during the ser
pentinization processes (Wenner and Taylor, 1973) and range in 
the stability field of these serpentines (Moody, 1976). 

The position of the Hole 63 7A serpentines on Figure 4 sug
gests a similar low-temperature origin (around 50°C), in agree
ment with the lizardite-chrysotile nature of these serpentines. 

To determine if these serpentines could have formed at high 
temperature but have subsequently frozen their oxygen isotopic 
composition at low temperature, we have analyzed some re
maining clinopyroxenes. The 6lsO of clinopyroxene is known to 
be rather insensitive with respect to hydrothermal exchange un
less the hydrothermal interaction occurs at high temperature 
(above 400°C; Taylor and Forester, 1971; Gregory and Taylor, 
1981); therefore, it is suitable for tracking a high-temperature 
hydrothermal event. The clinopyroxene 6180 values (around 6.3) 
are a little enriched in 180 relative to the clinopyroxene 5180 
mean value from mantle mafic-ultramafic materials (5180 = 5.7 
± 0.2; Taylor, 1968; Javoy, 1980). As proposed by Gregory and 
Taylor (1981), such a small increase of the pyroxene 6180 can be 
an isotopic memory of a high-temperature hydrothermal event, 
which is also evidenced by presence of secondary amphiboles. 

Hence, it is conceivable that this high-temperature hydrother
mal event could have produced some high-temperature serpen
tines (antigorite?) that subsequently recrystallized to lower tem
perature species. 

Calcite 
In the calcite-rich samples (> 10 wt%), calcite has S13C val

ues around + 1.0, close to those of seawater carbonates ( - 1 < 
513C < 4), and high <5180 values (above 30), which corresponds 
those of low-temperature marine carbonates. On the other hand, 
in the calcite-poor Samples 103-637A-25R-5, 141-145 cm, and 
103-637A-27R-3, 29-32 cm, some C0 2 with low 513C ( -9 .2 and 
- 4 . 5 , respectively) is released by the H 3 P0 4 procedure. These 
low 513C values can indicate a contribution of low-concentra
tion light carbon from the mafic-ultramafic material of the oce
anic crust ( - 6 < 513C < - 2 0 ; Pineau et al., 1976; Pineau and 
Javoy, 1983) as has been shown in ophiolite calcite-poor samples 
(Javoy and Fouillac, 1980; Stakes and O'Neil, 1982, Cocker et 
al., 1982). 

This difference, inferred from the <513C of the calcite, points 
out the existence of two alteration media. The first one, where 
carbon species are dominated by seawater carbonates, is open to 
low-temperature seawater circulation and probably matches the 
veins and the cracks. The second one, with lighter 513C, seems 
more protected from seawater circulation. As proposed by Barnes 
and O'Neil (1969), the low-513C C 0 2 can correspond to calcites 
formed with the calcium lost from peridotites during serpentini
zation. 

Assuming that the calcite from the veins and the cracks has 
formed in equilibrium with seawater, we infer, from the calcite-
water fractionation geothermometer (O'Neil et al., 1969), tem
peratures around 10°C (i.e., close to that of bottom seawater 
temperatures «2°C). 

DISCUSSION A N D CONCLUSIONS 
On the basis of our petrologic and stable isotopic data re

corded for Hole 637A peridotites, several stages of hydrous 
mineral crystallization can be defined: 

1. Formation of Ti- and Cr-rich pargasites at high tempera
ture (800°-900°C). From textural data, we can state that these 
amphiboles probably formed after the mylonitization of the peri
dotites, which occurred at a similar temperature (1000°-850° C) 
and under low pressure (<0.2 GPa) (Girardeau et al., this vol
ume). These amphiboles are not in equilibrium with the coexist
ing Ti-rich clinopyroxenes and consequently, probably devel
oped by interaction with a metasomatic Na- and Ti-rich fluid, 
or with a magma. 

2. Crystallization of hornblendes to tremolites under static 
conditions. The amphibole compositions indicate temperatures 
decreasing from 750° to 350°C. Interaction with a fluid phase 
was necessary to form the amphiboles, and we assume that at 
least small amounts of water (seawater?) started to penetrate the 
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peridotites at this stage; this can explain the small 180 shifts of 
the clinopyroxenes. Serpentinization also may have started si
multaneously and produced antigorite. However, this mineral 
has not been found; if it ever did form, it has been either lost 
during the drilling process or recrystallized to lower temperature 
species. 

3. Complete destablization of olivine into a lizardite-chryso-
tile ± magnetite assemblage. Most serpentinization occurred 
under static conditions, as evidenced by the preservation of the 
detailed high-temperature deformation textures imprinted within 
the peridotite (Girardeau et al., this volume). Only a few late, 
brittle fractures are filled, with some serpentine and mostly by 
calcite. The mineral species (chrysotile and lizardite) are stable 
under a wide range of temperatures, from 300° to 0°C (Evans et 
al., 1976). If we consider that the serpentine formed in equilib
rium with seawater, the stable isotope data suggest a low tem
perature (around 50°C), which is consistent with a late serpen-
tinzation process occurring close to the sea bottom. Because the 
serpentinization reaction is exothermic, the reaction could have 
started with seawater at sea-bottom temperature (Fyfe and Lons-
dale, 1981). It could have been contemporaneous with the late 
fracturing event, as suggested by the fact that the scarce samples 
containing relicts of olivine (black rocks in hand specimen) are 
always the less fractured ones. 

It is difficult to infer a late subsurface hypothesis if serpen
tinization occurred close to 300°C. Indeed, temperatures up to 
300 °C are not expected when the peridotite ridge arrived at the 
sea bottom, except if it experienced extensive magmatic activity. 
This is not supported by the petrological data. If the bulk of the 
serpentinization occurred at depth, we should have observed a 
schistose serpentine shear zone that formed during the ascent of 
the ultramafic body. These shear zones do not exist in the sam
ples studied, but they could have been obscured by the drilling 
process. Finally, the serpentines would have re-equilibrated their 
oxygen isotope ratios during the final emplacement. Therefore, 
we think that most of the serpentinization occurred close to the 
sea bottom. The example of Zarbargad Island, where peridoti
tes are completely devoid of serpentine (but do contain horn
blende and actinolite; C. Mevel, unpubl. data), demonstrates 
that peridotite emplacement in the rift zone is not a conse
quence of serpentinization (Bonatti et al., 1981; Nicolas et al., 
1987). 

In any case, lower temperature ductile shear zones postdat
ing the high-temperature shearing event (Girardeau et al., this 
volume) probably formed during the ascent of the Hole 637A 
peridotite. Such shear zones should exist at the contact between 
the peridotites and the overlying continental crustal rocks, al
though they have not been found at the top of the peridotite 
ridge. They possibly have been erased by erosion. 

4. Precipitation in open fractures of calcite that locally per
vasively impregnates the peridotites. Calcite precipitates from 
seawater at temperature around 10°C. It is noted that the peri
dotites from Leg 103 do not display the late, very low-tempera
ture mineral assemblage (clay minerals) observed in peridotite 
dredge samples (Boillot et al., 1980), probably because they 
were cored at depth. 

Conclusions 
Leg 103 peridotites were likely emplaced during the first 

stage of ocean formation (Boillot et al., 1980, 1985, 1987). This 
petrological study of secondary phases evidences a multistage 
static metamorphic evolution in the presence of fluids during 
the ascent of the peridotites, beginning with a discrete high-tem
perature (800°-900 °C) event consecutive to the high-tempera
ture (1000°-850°C) mylonitization of the peridotite. The pyrox
enes were then destablized into amphiboles at decreasing tem
peratures (750°-350°C). The water supply necessary for the 
crystallization of secondary amphiboles was possibly seawater 

introduced within the peridotites at deep levels along normal 
faults crosscutting the brittle peridotite. The main serpentiniza
tion of the peridotite was produced at temperatures below 
300° C, possibly after the final emplacement of the peridotite in 
its present position. This indicates that the peridotite uplift is 
not directly linked to serpentinite buoyancy property. This is 
also true for the emplacement of the Zabargad peridotites, 
which are totally fresh (Bonatti et al., 1981, 1986; Nicolas et al., 
1987), and raises the problem of subsurface mantle ascent dur
ing the rifting process. 
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Plate 1. Photomicrographs of secondary hydrous products of Hole 637A peridotites. Parallel nicols. Bars represents 30 /*m 1. Textural difference 
between fibrous bastite (B) after orthopyroxene and mesh texture serpentine (S) after olivine (Sample 103-637A-27R-5, 18-23 cm). 2. Large individ
ual crystal of pargasite (P) from Sample 103-637A-26R-4, 67-69 cm. 3. Tabular pargasite (P) crystals from Sample 103-637A-26R-1, 55-58 cm. 
4. Elongate pargasite (P) crystals growing from clinopyroxene exsolution lamellae in a bastitized orthopyroxene crystal (Sample 103-637A-26R-4, 67-
69 cm). 5. Hornblende (HB) needles growing on a spinel grain (dark crystal) in Sample 103-637A-27-2, 20-26 cm. 6. Fine tremolite (T) needles 
from Sample 103-637A-27R-3, 21-24 cm. 
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