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Abstract – 87Sr/86Sr isotopic ratios, strontium and Rare Earth Element concentrations obtained on volcano-sed-
imentary rocks and separated clay mineral and zeolite fractions reveal a formation by pore water–volcanic rock
interaction for most of the hydrous silicate minerals of the Site 841 ODP collected from the Tonga forearc.
Unusual strontium concentrations and isotopic ratios recorded in the Miocene tuffs associated with specific
REE patterns indicate that the formation of these hydrous silicates does not follow a simple burial diagenesis
model, but was related to the cooling of intruding basaltic sills in the Miocene volcano-sedimentary series.
Migration of strontium into the pore water in response to the heat flow induced the formation of Sr-bearing
zeolites such as clinoptilolite, heulandite and chabazite. No evidence of any influence of a further thermal pulse
in the Eocene rhyolitic tuffs could be found. As recorded by the chemistry of their clay mineral fraction, the
rhyolitic tuffs developed a polyphasic diagenetic process, which might have been influenced by a possible
circulation of a fluid into structurally weak areas. © 2000 Ifremer/CNRS/IRD/Éditions scientifiques et médicales
Elsevier SAS
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Résumé – Diagenèse des silicates des séries sédimentaires de l’avant-arc Tonga (Pacifique sud-ouest) : étude de la
signature en strontium et en terres rares. Les concentrations en strontium et en terres rares, ainsi que les rapports
isotopiques 87Sr/86Sr des roches volcano-sédimentaires et des fractions argileuses et zéolitiques indiquent que la
plupart des silicates hydratés du site 841 ODP de l’avant-arc Tonga se sont formés par interaction entre les
roches volcaniques et les eaux interstitielles. Les concentrations et rapports isotopiques en strontium inhabituels,
enregistrés dans les tufs du Miocène associés à des profils de terres rares spécifiques, indiquent que la formation
de ces silicates hydratés ne suit pas un modèle de simple diagenèse d’enfouissement Elle est en relation directe
avec le refroidissement d’intrusions de sill basaltiques dans les séries volcano-sédimentaires du Miocène. La
migration du strontium dans les fluides interstitiels, en réponse au flux de chaleur, a entrainé la formation de
zéolites contenant du strontium, telles que les clinoptilolite, heulandite et chabazite. Dans les tufs rhyolitiques
de l’Éocène, aucune influence d’un flux thermique n’a été détectée. La chimie de la fraction argileuse de ces tufs
indique qu’ils ont subi une diagenèse polyphasée probablement influencée par la circulation d’un fluide à travers
leurs failles. © 2000 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION

During the cruise of leg 135 ODP, the Joı̈des Resolu-
tion SV recovered intensively altered volcanogenic
material from site 841 at the Tonga forearc. This
studied site is located on the upper trench slope, at a
water depth of 4 810 m, approximately 55 km west of
the axis of the Tonga Trench and 60 km east of the
crest of the Tonga Ridge, at 23° 20.7’ S, 175° 17.9’ W
[40] (figure 1). The sedimentary sequence is 605 m
thick and ranges in age from Middle Pleistocene to
Late Eocene. This sequence consists predominantly
of clay minerals, vitric siltstones, volcanic conglomer-
ates and breccias, and volcanic sandstones (figure 2).
Basaltic dikes and sills intrude Miocene sediments
and appear to be part of one main intrusive episode
[7]. Below 605 m, a rhyolite volcanic complex occurs,
being dated with an age of 4492 Ma [29]. The
mineral content of the collected sample from the

seafloor down to 605 mbsf is dominated by clays and
zeolites whereas the underlying highly rhyolitic vol-
canic complex is composed mainly of quartz and
plagioclase, having also various types of clay minerals
but no zeolites [48, 49] (figure 3). Based on the
mineralogy of the clay minerals and zeolites, the
volcano-sedimentary material has been previously
subdivided into four zones: (a) the upper zone (0–260
mbsf), (b) the reactive zone (260–470 mbsf), which is
characterized by the occurrence of numerous basaltic
sills and of a large amount of zeolites and Fe-clays,
(c) the lower zone (470–605 mbsf) and, finally, (d) the
rhyolitic zone (605 mbsf to the base of the hole) [49]
(figure 4).

In the present study, we attempt to correlate chemical
and Sr isotopic patterns with the associated mineral-
ogy and temperature of crystallization previously es-
tablished using oxygen-isotopes in clays [50] in order
to reconstruct the origin and the transformation of
the sediments. Strontium and Rare Earth Elements
(REE) distributions in sedimentary material appear
to have the potential to be a powerful diagnostic tool
in various geological settings. They are used as chem-
ical and isotopic indicators of geological and oceano-
graphic processes including assessment of crustal
sources [5, 31, 45, 46], secular variation of seawater
composition [9, 25, 26, 51], chemical sources of
marine sediments [20, 30, 35, 36], hydrothermal activ-
ity [1, 2, 46], and diagenesis [3, 4, 10, 22, 37]. In the
Tonga forearc, elemental and Sr isotopic determina-
tions and REE concentrations on whole rocks as well
as on separated zeolite and clay mineral fractions
should allow us (1) to obtain clues to the origin of the
abundant hydrous silicate minerals (2) to evaluate the
role of volcanic glass and pore water in the formation
of diagenetic minerals, (3) to determine the potential
consequences of a temperature increase resulting
from intrusion episodes for the chemical content and
the isotopic ratios of the sedimentary sequence (4)
and to retrace the evolution of the diagenetic pro-
cesses with regard to the mineralogy determined in
the site.

2. MATERIALS AND METHODS

Based on semi-quantitative mineralogical determina-
tions of bulk sediment and clay-sized fraction [48,

Figure 1. Location map of site 841 of the Tonga forearc, adapted
from [32].
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Figure 2. Schematic distribution of the lithostratigraphic units and of basaltic intrusions from site 841, from [48].

49], twelve samples representative of the entire sedi-
mentary column have been selected for subsequent
geochemical and isotopic studies. The clay fraction of
the samples was separated by settling following the
method described in Larqué and Weber [27] and
Holtzapffel [24]. Clay types were determined by X-ray
diffraction, scanning electron microscopy, and analyt-

ical electron microscopy [47, 49] and the formation
temperatures were estimated using measurements of
their oxygen isotopes [50]. Unfortunately one whole
rock sample (841B 54R2) was lost before the measure-
ments were made. For that sample, chemical and
isotopic results of the clay fraction only will be
presented.
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Zeolites of the reactive zone have been previously
observed by scanning electron microscopy in the
grain scale of 20–63 mm [48]. Granulometric separa-
tion by sieving showed that zeolites were the only
minerals which were detected in the 20–63 mm frac-
tion. X-ray diffraction of the 20–63 fraction of the 4
samples from the reactive zone indicated that sample

841B 15R1 occurring 296 mbsf was made up of 90 %
of analcime and 10 % clinoptilolite, whereas analcime
was the only zeolite in the three other zones. All
samples were powdered in a carbon steel mill, dried
at 110 °C for 12 h, and afterwards incinerated at
1 000 °C for about three hours. Loss-on-ignition cal-
culations resulted from the weight difference between

Figure 3. Mineral paragenesis according to depth. The weight percent of each mineral phase was determined by XRD and chemical
analyses were calculated basing on a halite-free format, from [48]. Corresponding lithostratigraphic units were added on the right side of
the figure.
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Figure 4. Mineralogical zonation based on the study of hydrous silicates, site 841 ODP, from [49]. Clay minerals are shown in bold format.

dried and calcinated samples. When available, sample
splits of 140 mg were fused for 20 min with 750 mg of
pure lithium tetraborate under inert Ar atmosphere
in a crucible (Carbone Lorraine V25), and were dis-
solved as a molten fusion product in a glycerine-
hydrochloric acid solvent. Strontium and REE were
determined by ICP-MS (Fison VG Isoplasma) at the
Centre de Géochimie de la Surface in Strasbourg.
Replicate analyses from samples and standards indi-

cate that the accuracy of the REE and strontium
determinations is within 5 %.

For isotopic determinations, sample dissolution was
realised following Schaltegger et al. [42]. Prior to
separation of strontium by cation exchange resins
and to avoid interference with Fe during separation
chemistry of Sr, anionic exchange resins were used
(AG1-X8 200–400 mesh, Biorad) with 9N HCl as
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eluent. Strontium isotopic analyses were performed in
static mode on a VG Sector multicollector mass
spectrometer. During the course of the study the
value obtained for the 87Sr/86Sr isotopic ratio of the
NBS 987 standard averaged 0.71026690.000011 (2s
external, n=18).

3. RESULTS

REE concentrations were obtained from whole rocks
and clay fractions of all four zones, as well as from
zeolites from the reactive zone (table I) and were
normalised to chondritic values according to those of
McLennan [30] (figure 5). The chondrite normalised
REE patterns of whole rocks and clay mineral frac-
tions from the upper 605 m range mostly between 10
and 20 times of the chondritic values. Clays from the
upper and lower zone are enriched in light REE with
regard to heavy REE (figures 5b). Zeolites from the
reactive zone appear to have relatively flat REE
patterns, with REE concentrations 10 times higher
than those of the chondritic values (figure 5c). The
chondrite-normalised REE patterns from the rhy-
olitic zone range mostly between 10 and 20 times the
values of chondrites for the whole rocks (figure 5a)
and between 10 and 50 times for the clays (figure 5b).
In the rhyolitic tuffs, whole rocks and clay minerals
present a heavy REE enrichment when compared to
light REE. The europium anomaly is strongly nega-
tive with values between 0.44 and 0.55 which were
calculated using the equation:

Eu/Eu*=EuN/(SmN.GdN)1/2 [46]

The clay fraction at 642.2 mbsf (sample 841B 51R2)
appears to have the lowest enrichment (10 times)
when compared to chondritic values. This sample
shows also a highly positive cerium anomaly of 1.43
calculated using the equation:

Ce/Ce*=3CeN/(2LaN+NdN) [8]

Strontium concentrations of the whole rocks and of
the clay minerals increase from 156 mg·g−1 and
87 mg·g−1 respectively at 52.5 mbsf to 389 mg·g−1

and 355 mg·g−1 at 296.4 mbsf (figure 6). They de-
crease to 73 mg·g−1 and 70 mg·g−1 respectively at
430.6 mbsf and increase again in the carbonate-rich
Eocene deposits to 310 mg·g−1 and 173 mg·g−1 at
557.4 mbsf. In the rhyolitic unit, strontium concen-

trations range between 77 and 86.6 mg·g−1 for the
whole rocks and between 50 and 95 mg·g−1 for the
clays. The concentrations in zeolites from the reactive
zone decrease from 349 mg·g−1 at 296.4 mbsf to 74
mg·g−1 at 352 mbsf and then increase to 102 mg·g−1

at 430.6 mbsf.

The 87Sr/86Sr isotopic ratios of the whole rocks vary
from 0.70416 to 0.70672 (table II). The highest 87Sr/
86Sr isotopic ratios (0.70672 and 0.70667) are located
in the rhyolitic tuffs at 748.7 mbsf and 776.2 mbsf
(table II and figure 7). The 87Sr/86Sr ratios of the clay
fraction decrease from 0.708038 in the Plio-Pleis-
tocene sediments (sample 841A 6H4, 52.5 mbsf), to
0.70567 at 352.4 mbsf in the basaltic andesite tuffs
and increase to 0.708272 at 776.2 mbsf in the rhy-
olitic tuffs. However, at 674 mbsf, sample 54R2
shows a low isotopic value of 0.705400. 87Sr/86Sr
ratios of zeolite decrease from 0.70535 at 296.4 mbsf
to 0.70429 at 352.4 mbsf, and increase afterwards to
0.70515 at 430.6 mbsf.

4. DISCUSSION

4.1. Rare Earth Elements

4.1.1. 0–605 mbsf
The first 605 m of the whole-rocks from site 841 show
relatively flat chondrite-normalised REE patterns
(figure 5). These REE patterns are similar when
compared to turbidites from the fore-arcs located in
the south and central Pacific Ocean [30, 31, 38, 39]
(figure 8) and from andesite basaltic tuffs of Eua
island [15]. According to McLennan [30], sedimentary
rocks from an island arc have a similar REE pattern
to the undifferentiated ones from the arc itself (simi-
lar to andesite), with low REE concentrations.

Whole rocks, clays, and zeolites from the first 605 m
did not present any negative anomaly in cerium. The
negative cerium anomaly is usually a clear record of
an obvious seawater influence [14, 20, 35]. The ab-
sence of cerium anomaly has been previously ob-
served in other volcano-sedimentary deposits from
the Pacific Ocean, especially in the Mariana volcanic
tuffs, which are Miocene in age [34]. In their investi-
gation it was shown that the REE distribution in
minerals (clays, zeolites), resulting from the interac-
tion of seawater and volcanic rocks, did not always
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Table I. Rare Earth Element concentrations (in mg·g−1) of whole rocks and clays (B2 mm) from the entire site and of zeolites from the reactive zone, site 841 ODP.

Sm Eu Gd Tb Dy Ho Er TmNoODP YbDepth (mbsf) LuLa Ce Pr Nd

Whole Rocks
3.57 1.03 3.76 0.7 4.37 1.069.35 3.1220.44 0.43 3.19 0.4752.5841A 6H4 3.04 13.00
2.97 0.95 3.21 0.64 4.05841B 19Xl 0.99159.6 2.95 0.4 2.93 0.434.38 10.58 1.93 9.14
2.7 0.85 2.93 0.56 3.58 0.86 2.518.78 0.351.93 2.54 0.38841B 15R1 296.4 4.66 11.3
2.63 0.9 2.75 0.55 3.55 0.83 2.48841B 18R2 0.34325.9 2.49 0.373.78 9.11 1.66 7.89
2.25 0.83 2.59 0.51 3.31 0.79 2.326.66 0.32841B 21R1 2.38 0.351.367.122.74352.4

430.6 5.73 2.07 0.72 2.42 0.48 3.21 0.77 2.25 0.31 2.39 0.362.47 6.04841B 29R1 1.17
2.58 0.88 2.96 0.6 4.11 0.91 2.58.52 0.41841B 40R2 2.58 0.391.7813.675.07537
3.42 1.16 3.71 0.7 4.91 1.03 2.78841B 42R3 0.45557.4 2.78 0.417.1 16.51 2.5 12.15
3.59 0.99 4.26 0.87 5.83 1.43 4.279.99 0.63841B 51R2 4.62 0.712.0011.153.11642.8

841B 62R1 4.56748.7 0.92 5.35 1.1 7.52 1.87 5.86 0.86 6.32 0.954.28 13.05 2.62 13.03
4.71 0.9 5.34 1.08 7.42 1.88 5.76 0.85 6.3614.46 0.96776.2 4.96 15.09 3.02841B 65RCC

Clays
2.5 10.4 2.93 0.78 2.96 0.56 3.52 0.83 2.44 0.34 2.52 0.387.45841A 6H4 16.7352.5

3.33 1.03 3.71 0.71 4.52 1.09841B 19Xl 3.2159.6 0.46 3.36 0.56.74 14.58 2.51 11.15
4.54 1.35 4.9 0.94 5.99 1.44 4.2214.52 0.63.14 4.33 0.64841B 15R1 296.4 7.04 17.85
3.45 1.22 3.79 0.76 4.91 1.14 3.27841B 18R2 0.44325.9 2.97 0.383.51 10.32 2.1 10.34
3.87 1.34 4.33 0.87 5.75 1.35 4.0611.59 0.56841B 29R1 3.97 0.592.3712.074.25352.4
3.33 1.12 3.86 0.76 5.05 1.22 3.6841B 29R1 0.49430.6 3.65 0.553.59 9.78 1.91 9.52
4.67 1.08 4.43 0.8 5.1 1.21 3.7218.37 0.564.61 4.25 0.67841B 40R2 537 14.24 32.88
4.72 1.25 4.87 0.91 5.82 1.39 4.01841B 42R3 0.55557.4 3.91 0.619.72 21.7 3.73 16.41
3.39 0.57 3.91 0.8 5.46 1.33 4.119.3 0.62841B 51R2 4.59 0.741.9114.613.47642.8
8.01841B 54R2 1.27672.4 9.76 2.10 14.38 3.47 10.06 1.45 10.36 1.595.67 17.56 3.61 19.13
9.94 1.88 11.7 2.49 17.81 4.61 14.3927.28 2.17841B 62R1 15.99 2.535.5828.119.24748.7
6.23 1.22 7.34 1.6 10.93 2.78 8.46 1.26 9.31841B 65RCC 1.48776.2 6.48 19.57 3.81 17.79

Zeoiltes
2.19 0.7 2.3 0.44 2.84 0.664.25 1.929.91 0.27 1.95 0.29296.4841B 15R1 1.68 7.35

325.9 7.4 2.37 0.84 2.64 0.49 3.18 0.78 2.35 0.33 2.57 0.413.91 8.87841B 18R2 1.58
2.04 0.73 2.33 0.46 3.11 0.73 2.136.09 0.296.74 2.14 0.32841B 21R1 352.4 2.6 1.25

841B 29R1 1.85430.6 0.67 2.22 0.46 2.96 0.72 2.12 0.29 2.18 0.331.88 5.01 1.01 5.05
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Figure 5. Chondrite normalised REE patterns of: a) whole rocks, b) clays (B2 mm), c) zeolites of the reactive zone (1=upper zone,
2=reactive zone, 3= lower zone, 4=rhyolitic zone).
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Fig. 5. (Continued)

It is noticeable that clays and zeolites from the reac-
tive zone show similar flat REE patterns to those of
the whole rocks (figure 5c), and by extrapolation,
also to those of fore-arc andesitic basalts. According
to Desprairies and Bonnot-Courtois [13], the similar-
ity between the REE pattern of authigenic minerals
and of the initial rocks is a sign of the rapidity in
crystallization of these minerals.

4.1.2. The rhyolitic tuffs
In the rhyolitic tuffs from the Tonga forearc, the
negative Eu anomaly is related to magmatic fraction-
ation. During magmatic fractionation, europium is
incorporated in plagioclase. The fractionation of a
large amount of plagioclase from a magma source
(calc-alcaline basalt, arc tholeiite) might be able to
perform such a negative Eu anomaly in a highly
fractionated lava [30]. At 642.2 mbsf (sample 841B
51R2), the clay fraction with the Ce/Ce* anomaly of
1.4 and the lowest concentration in REE compared to
all other samples of the rhyolitic zone is located on a
fault zone. The positive cerium anomaly and the
decrease in REE concentrations of this sample might
be a result of the immobilization of cerium into clays
and of leaching of the trivalent REE and of europium
by a possible fluid circulation into the faults of the
rhyolitic tuffs.

4.2. Strontium concentrations

4.2.1. 0–605 mbsf
Strontium concentrations of the whole rocks decrease
as low as 73.1 mg·g−1 at 430.6 mbsf, in the centre of
the reactive zone. Intrusion of the sill complex into
water-saturated Miocene sediments would heat adja-
cent material and expel heated fluids enriched in Sr
into surrounding porous media. Afterwards, this Sr
has been incorporated in secondary minerals of the
border zones. Actually, during diagenetic process,
strontium tend to be released from the deposit rocks
into pore water and incorporated in authigenic min-
erals [3]. Authigenic hydrous silicates such as clays,
or zeolites from the heulandite group (heulandite,
clinoptilolite) and chabazite, are able to incorporate
high amounts of strontium [21, 28, 41]. SrO concen-
trations up to 8 % in oxyde weight have been previ-
ously determined in Sr-heulandite. The low Sr
concentrations (�50 mmol·L−1 on average) in the

record the REE characteristics of seawater. In many
cases, secondary minerals inherited from the REE
pattern of the source rocks and could reveal an
increase of the REE concentration without any
change in the REE patterns.
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Figure 6. Strontium concentrations of whole rocks, clays, and zeolites from site 841 according to depth.

pore water present in the reactive zone argues for a
recent crystallization of these minerals in response to
the thermal pulse due to the cooling of the basaltic
sills [6] (figure 9). Incorporation of strontium by
authigenic minerals at the border of the thermal flux
influence could explain the strontium concentrations
which are as high as 349 mg·g−1 measured for the
zeolite fraction of sample 841 15R1 at 296.4 mbsf.
Thus, authigenic clinoptilolite that constitute 5 % of
the sample [48] should have incorporated strontium
expelled from the centre of the reactive zone. In the
lower zone the same process of incorporation of Sr
by authigenic minerals seems to occur, as it is
recorded by Sr concentrations at 537 mbsf (sample
841B 40R2) and 557.4 mbsf (sample 841B 42R3). In
these samples, Sr concentration of the clay fraction is
substantially lower (70 mg·g−1 and 90 mg·g−1, respec-
tively) compared to those of the whole rocks
(228 mg·g−1 and 310 mg·g−1, respectively). Thus here,
strontium is mainly incorporated in other phases
rather than in clay minerals. Isolated zeolite fractions
from the lower zone were not available but we might
postulate that beside calcite, zeolites of this zone such
as chabazite and heulandite seem to be the most
probable Sr-bearing minerals. Zeolite minerals might

have incorporated strontium released by the carbon-
ates from unit V. This may explain the high stron-
tium concentration of the whole rocks at 537 mbsf,
despite the poor content of calcite in that sample. In
unit V at 557.4 mbsf, the high amount of calcite due
to the high carbonate content seems to be the main
factor inducing the high strontium concentration.

4.2.2. The rhyolitic tuffs
Strontium concentrations as low as 55.2 mg·g−1 were
determined in rhyolitic tuffs. Dissolution or albitisa-
tion of abundant plagioclases in the rhyolites during
diagenetic processes most probably have released
strontium into pore fluids and thus increased the Sr
pore water concentrations, which is observed at the
base of the hole [6] (figure 9).

4.3. Strontium isotopes

Previous 87Sr/86Sr isotopic determinations on basaltic
andesites and rhyolites from the Tonga area and of
related volcanic zones showed that Saipan rhyolites
(Mariana Arc), Upper Eocene in age yield 87Sr/86Sr
ratios varying between 0.70390 and 0.70439 [33],
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whereas 87Sr/86Sr ratios from Tonga basaltic andes-
ites varied between 0.7036 and 0.7043 [16, 17]. These
values are close to those obtained on young volcanic
rocks (andesites, rhyolites) and usually of 0.704+/−
0.002 [18, 19, 44]. Isotopic 87Sr/86Sr ratios of volcano-
sedimentary samples from site 841 vary between
0.70416 and 0.70672 (table II, figure 7). Such values
are not far from those of the volcanic pole (0.704).
Therefore, 87Sr/86Sr deviation from site 841 sediments
compared to values determined on fresh basaltic an-
desites and rhyolites could be due to the influence
87Sr/86Sr variations with depth from the clays and
zeolite minerals.

4.3.1. 0–605 mbsf
The 87Sr/86Sr ratios of the clay minerals from the first
605 m of the hole 841 are intermediate between the Sr

isotopic ratio of the whole rock (and by extrapolation
of an average and young volcanic rock) and of those
of seawater contemporaneous to sediment deposition
(figure 7). Strontium isotopic composition of the
present-day ocean is homogeneous with a 87Sr/86Sr
ratio of 0.709178) [9]. This homogeneity is due to the
long residence time of Sr in oceans (5×106 years)
with respect to its mixing time (about 103 years) [18].
However, the isotopic composition of seawater has
changed with time and was close to 0.70890 during
the Upper Miocene, 0.70820 during the Lower
Miocene, 0.70800 during Oligocene and 0.70770 dur-
ing the Eocene [25]. The 87Sr/86Sr ratios from the clay
fraction of the first 605 m suggest that during their
formation, clays integrated both strontium released
by volcanic material as well as strontium of seawater.
Clay minerals from the upper and lower zones (mont-

Table II. 87Sr/86Sr ratios and Sr concentrations (in mg·g−1) of whole rocks and clay (B2 mm) from the entire site and of zeolites from the
reactive zone, site 841 ODP.

No ODP PrecisionDepth (mbsf) 87Sr/86Sr Sr (mg/g)

Whole Rocks
156.430.706061 +/−0.00001052.5841A 6H4

+/−0.000007 242.780.704826159.6841B 19Xl
389.420.705433841B 15R1 +/−0.000006296.4
181.350.705048841B 18R2 +/−0.000007325.9

96.33+/−0.0000050.70416841B 21R1 352.4
73.15841B 29R1 430.6 0.70492 +/−0.000006

841B 40R2 227.96+/−0.0000070.706165537
+/−0.0000070.70583 310.23557.4841B 42R3

86.67642.8841B 51R2 0.704788 +/−0.000006
748.7 0.706716841B 62R1 +/−0.000013 55.25

841B 65RCC 776.2 0.706666 +/−0.000008 77.01

Clays
52.5 86.96841A 6H4 +/−0.0000060.708038

159.6 0.707165841B 19Xl +/−0.000006 223.78
841B 15R1 296.4 0.705558 +/−0.000006 355.77

325.9 0.705347 +/−0.000007 120.61841B 18R2
841B 21R1 +/−0.000006 80.61352.4 0.705600

69.92+/−0.000006841B 29R1 0.706715430.6
+/−0.000006841B 40R2 537 0.706843 99.20
+/−0.000009841B 42R3 557.4 0.707024 173.05
+/−0.000007 94.83841B 51R2 0.707354642.8

841B 54R2 0.705400 81.65672.4 +/−0.000007
748.7 0.708269841B 62R1 +/−0.000007 50.02

841B 65Rcc 776.2 0.708272 +/−0.000008 55.55

Zeolites
296.4 0.705353841B 15R1 +/−0.000007 348.66

841B 18R2 193.64325.9 0.704859 +/−0.000006
0.704289 +/−0.000006841B 21R1 74.18352.4

102.100.705158841B 29R1 +/−0.000007430.6
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Figure 7. 87Sr/86Sr ratios of whole rocks, clays (B2 mm) and
zeolites from site 841 according to depth. Note that 87Sr/86Sr
ratios of seawater corresponding to the age of the samples were
also added.

variations could be due to the nature of the clay
phase and to their time of crystallization.
87Sr/86Sr ratios obtained for zeolites of the reactive
zone follow the same trend as the 87Sr/86Sr ratios of
clay minerals of this zone. This strengthened the
hypothesis that both clays and zeolites were induced
by the same phenomena, e.g. alteration of the vol-
canic material in response to the cooling of the
intrusive sills into the Miocene tuffs. Such pore wa-
ter–volcanic material interactions also depleted the
87Sr/86Sr ratios of pore water from the reactive zone
to values between 0.705528 to 0.70536 [6] (figure 9).
However, 87Sr/86Sr ratios of zeolites are closer to
those of an average volcanic glass (0.704 approxi-
mately) than the clay minerals located at the same
depth. Thus, unlike clay minerals, the seawater does
not appear to have any influence on the final stron-
tium isotopic composition of the zeolites. Such con-
trasting behaviour between clays and zeolites
regarding their preferential incorporation of stron-
tium has been previously reported in the south Pacific
Ocean, between the Tuamotu Archipelago and the
Marquises Islands [23]. In the case of the Tonga
trench, SEM observation allowed us to identify direct
growth of analcime crystals on volcanic glass (plate
1) [47]. This mineralogical observation added to the
similitude of this mineral strontium concentration
with the whole rocks, and the similitude of the 87Sr/
86Sr ratio of zeolites with that of a volcanic glass
argue for an incorporation of elements in zeolites
directly from the volcanic glass. This might be possi-
ble in the case of a fast crystallization of zeolite
minerals from the reactive zone, which seems to be
also recorded by the REE, and which independently
has been proposed due to modelisation based on the
pore water concentration of Na and Cl [6].

4.3.2. The rhyolitic tuffs
At 672.4 mbsf, montmorillonite constitutes exclu-
sively the clay fraction. Montmorillonite shows a
strontium isotopic ratio of 0.7054, which may be a
result of an early crystallization at a relatively high
temperature, most probably caused during cooling of
the rhyolitic tuffs. A crystallization temperature of
around 100 °C which was obtained by oxygen iso-
topic measurements of the same clay sample confirms
this assumption [47]. In the lower part of the rhyolitic
tuffs (samples 841B 62R1 at 748.7 mbsf and 841B
65RCC at 776.2 mbsf), the 87Sr/86Sr ratios of the clay

Figure 8. Chondrite normalized REE patterns of forearc turbid-
ites from Pacific Ocean: Mariana, N. Solomon, and Baldwin
Formation (Baldwin district, New South Wales, Australia) from
[30].

morillonites and interlayers illite/montmorillonite)
show 87Sr/86Sr isotope ratios close to those of the
contemporaneous seawater. Conversely, clay minerals
(chlorite-Fe, corrensite and saponite-Fe) from the
reactive zone have lower Sr-isotopic values, being
close to those of the andesitic-basaltic pole. Such
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fraction are lower than those of present-day seawater
but higher than those of Eocene seawater. The subse-
quent hypothesis might involve (a) an exchange with
a more radiogenic meteoric water, or (b) a recharge
of Eocene pore water with more recent seawater, or
(c) a circulation into the rhyolitic tuffs of a fluid with
a high 87Sr/86Sr ratio, or finally (d) a detrital origin,
having a higher 87Sr/86Sr ratio, of which one part is
the clay fraction.

(a) Rhyolitic tuffs from site 841 were formed in
surface conditions, which implies contact with mete-
oric water, and subsided deeper than 5 000 m [11, 43].
However, an exchange with more radiogenic meteoric
water seems to be difficult to consider if the volcanic
nature of the fields in this region and their mantle
signatures (87Sr/86Sr=0.703−0.704) is being
considered.

(b and c) A seawater circulation or a circulation of an
other fluid with higher 87Sr/86Sr ratio is possible
because of the occurrence of structural weak areas
such as faults in the rhyolitic tuffs [12, 40].
(d) Clay samples from rhyolitic tuffs are formed at
642.8 mbsf (841B 51R1) and at 672 mbsf (841B
54R2) by interlayers I/S (S\70%) or by montmoril-
lonites. The two deepest samples (841B 62R1 at 748.7
mbsf and 841B 65RCC at 776.2 mbsf), of which
isotopic ratios are higher (0.70819 and 0.70827 re-
spectively), contain either chlorite, kaolinite and illite
or chlorite associated with illite. Mineralogical obser-
vations [47, 49] and studies by Schöps and Herzig [43]
on clays from the rhyolitic tuffs of site 841 seem to
exclude the possibility of a detrital origin for the clay
minerals. However, doubt remains on the origin of
the Al-chlorite of samples at 748.7 mbsf and 776.2
mbsf.

Figure 9. Concentration-depth profiles for Sr and 87Sr/86Sr of pore waters, site 841, from [6].
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Plate 1. Scanning electron microscope observation of direct growth of analcime crystals on volcanic glass (sample 841B 18R2, 325.9 mbsf).

5. CONCLUSIONS

The rare earth elements and strontium record of the
whole rocks and separated silicate fractions from site
841 of the Tonga forearc indicate that clay and
zeolite formation result from the interaction between
pore water and andesite basaltic or rhyolitic volcanic
rocks. The similitude between strontium isotopic ra-
tios of the clays and zeolites in the reactive zone
argue for the same processes of formation of these
minerals e.g. the cooling of basaltic sills in the centre
of the sedimentary column. Normalised REE profiles
and strontium isotopic ratios of clays and zeolites are
almost similar to those of the volcanic glass indicat-
ing a fast crystallization of the secondary minerals
located in the reactive zone. In the border zones,
elements released by the recrystallization of calcite
and by the extensive alteration of the volcanic glass
could be incorporated in clay minerals but also in
Sr-bearing zeolites such as clinoptilolite, chabazite
and heulandite. The chemical and isotopic variations
inside the rhyolitic tuffs of Eocene age reflect an
independent diagenetic process with regard to the
first 605 m of the volcano-sedimentary rocks. 87Sr/
86Sr of clay minerals indicate a polyphased diagenetic
process including a possible migration during one of
these phases of a fluid in the structural weak part of
the rhyolitic tuffs.
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aux argileux en vue de l’analyse par diffraction des rayons X,
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