UC Irvine
UC Irvine Previously Published Works

Title

Geochronology of TAG and Snakepit hydrothermal fields, Mid-Atlantic Ridge:
Witness to a long and complex hydrothermal history

Permalink
https://escholarship.org/uc/item/9r9959df|
Journal

Earth and Planetary Science Letters, 97(1-2)

ISSN
0012-821X

Authors

Lalou, C
Thompson, G
Arnold, M

Publication Date
1990-02-01

DOI
10.1016/0012-821x(90)90103-5

Copyright Information
This work is made available under the terms of a Creative Commons Attribution

License, availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/9r9959df
https://escholarship.org/uc/item/9r9959df#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Earth and Planetary Science Letters, 97 (1990) 113-128 113
Flsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

[XLeP]

Geochronology of TAG and Snakepit hydrothermal fields,
Mid-Atlantic Ridge: witness to a long and complex hydrothermal history
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Geochronological studies of a large number of precipitates from the TAG hydrothermal field and of few samples
from Snakepit hydrothermal field of the Mid-Atlantic Ridge show intermittent repeated hydrothermal events at both
sites. 21°Pb/Pb and 2*Th/?**U measurements of sulfides, iron and manganese oxides, and '*C measurements of
carbonates combined with observations of hydrothermal events recorded as discrete layers in sediment cores provide
the basis for unravelling the temporal history of the fields. The TAG field shows intermittent activity over the past
120,000 years as evidenced by ages of low-temperature Mn oxides. The presently active black smoker mound first
formed about 40,000-50,000 years ago with precipitation of massive sulfides. It has had intermittent, pulsed
high-temperature activity every 5000-6000 years over the past 20,000 years which may reflect renewed magmatic
activity at the ridge axis. Fluid flow is focussed at the mound site by structural and tectonic control suggested by the
intersection of N-S ridge parallel lystric normal faults and an E-W transform fault. Periods of inactivity are marked
by covering of the mound with pelagic carbonate ooze which is probably partially dissolved and reprecipitated as
aragonite at the end of each high-temperature event. The Snakepit field had an initial event about 4000 years ago,
probably shortly after the eruption of the volcanic ridge on which it sits. A recent renewal, still presently active, was
probably initiated by recent fissuring of the volcanic pile.

1. Introduction The TAG hydrothermal field was first dis-
covered in 1972 as part of TAG (Trans Atlantic
The hydrothermal phenomena that take place Geotraverse) project [1]. At that time the field was
near or at mid-ocean ridges are directly linked to
the tectonic and magmatic activity associated with Long W
seafloor spreading. They are characterized by dif- L 207 197
ferent kinds of deposits: hydrothermal sediments, I'gbu ‘

found sporadically along the mid-ocean ridges,
which provide a background on which are super-
imposed episodic flashes represented either by
high-temperature (up to 350°C) polymetallic
sulfide deposits, or by lower-temperature iron and
manganese oxide precipitates. To understand the EL &
evolution with time of such episodic systems, we J
have used radiochronological methods to study
the TAG hydrothermal field on the Mid-Atlantic 209
Ridge (MAR) at about 26°N, and the Snakepit
field at 23° N (Fig. 1). We use here “high-temper-
ature” events for those forming sulfide chimneys

40k

TAG Field

SNAKEFPIT

(black or white smokers) and “low-temperature” et
F]epOSltS for those formed after rnlxmg'wuh oxidiz- Fig. 1. General map showing the position of TAG and Snake-
ing and cold seawater: Mn and Fe oxides. pit hydrothermal fieids.
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thought to be characterized only by Ma-oxide
deposits of hydrothermal origin [2,3]. These stud-
ies are presented by Rona [4] where the hydrother-
mal characteristics of the field are summarized:
heat flow anomalies, magnetic anomalies, large
Mn-oxide deposits as evidenced by bottom pho-
tography and chemical analyses on dredged sam-
ples, punctual temperature anomalies in the bot-
tom waters, variability and excess of *He associ-
ated with the temperature anomalies, excess of Fe
and Mn in the suspended particulate matter, and,
finally, the presence of metal enrichments in sedi-
ment cores. No indications of the possible ex-
istence of high-temperature “black smokers” simi-
lar to those found on the East Pacific Rise (EPR)
were noted, and it was postulated that such phe-
nomenon might be absent at the seafloor surface
on slow spreading ridges [4]. New studies in this
area in 1982 with the DSRV “Alvin” led to the
discovery of an extensive field of low-temperature
hydrothermal deposits including manganese
oxides, iron oxides and iron silicates [5]. These
were described by Thompson et al. [6], and radio-
chemically dated by Lalou et al. [7]. The occur-
rence of episodic high-temperature hydrothermal
activity was inferred from the presence of discrete
Cu-Fe-Zn-rich layers in sediment cores [8]. Based
on these observations, Rona et al. [5] postulated
that hydrothermal activity was cyclic, with epi-
sodic low- and high-temperature stages related to
magmatic injection events at a periodicity of about
10* years. In August 1985, the first black smokers
were photographed in the TAG field, and poly-
metallic sulfide samples were dredged [9,10]. Three
dives with DRSV “Alvin” were undertaken in
May 1986 on these black smokers, and water and
sulfide samples were recovered [11,12].

In October 1985, ODP Leg 106 found black
smokers and massive sulfides (Snakepit hydrother-
mal field) on the MAR axis at 23°N [13,14].
DSRV “Alvin” dove on the Snakepit in 1986
recovering various samples [11,12]. Further dives
with DSRV “Nautile” have also been reported
[15].

The main thrust of this paper is to examine the
temporal activity of the TAG hydrothermal field
as recorded by geochronological analyses of vari-
ous precipitates. Some preliminary data relevant
to temporal activity at Snakepit are also pre-
sented.

C.LALOU ET AL.

2. Geochronological methods

Analytical techniques for dating hydrothermal
deposits and the conditions and assumptions nec-
essary to apply them have been extensively dis-
cussed in Lalou and Brichet [16].

2.1. Sulfide deposits

The ?'°Pb /Pb method may be applied to recent
sulfide deposits less than 200 years old. The basic
assumption is that the ?'Pb and the lead are
directly derived from the water—rock interaction,
and not scavenged from the overlying seawater;
this assumption has been shown to be generally
valid [16] and that the *'°Pb is not supported by
22Ra. The decrease of 2'°Pb with its 22 years
half-life allows ages determinations back to about
200 years provided the *'°Pb /Pb ratio at ¢, (time
zero) is known. This ratio can be established by
measurement of the particulate matter issuing from
the active black smokers. The use of this instanta-
neously measured ratio also assumes that it is
constant in all the vents of a given field and
remains constant for the life time of the field. This
has been partly verified on a field of the EPR at
12°50’N where the same ratio was measured in
four different vents along the active area, and on a
time scale of 6 years; however, this ratio is not the
same as that in other fields of the EPR such as
21°N, 18°S, 20°S or on the MAR (Lalou and
Brichet, unpublished data). If a direct measure-
ment of the *'°Pb/Pb in the particulate matter
cannot be done, another possibility is to measure
it in the anhydrite associated with the sulfide
because anhydrite is not stable under these condi-
tions [17] and soon dissolves so its 21°Pb /Pb ratio
has no time to decrease and is near the /7, ratio.
However, this may result in an underestimate of ¢,
because the dissolution is not instantaneous and
may actually take several vears specially for mas-
sive anhydrite deposits. Another possibility, for a
specific hydrothermal field, is to consider the
highest ratio found to be the initial ratio. In this
case the calculated ages are not absolute but rela-
tive ages. In certain cases when the youngest sam-
ples contain 2%*Ra, it is possible to cross-check the
219Pb /Pb ages by measuring the **Th/2?Ra age
and thus establish the 2'°Pb /Pb ratio at ¢,.

Older samples (between about 500 and 350,000
years old) may be dated by the 2**Th/2*U tech-
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nique. This method is based on the fact that in
freshly deposited sulfides there is no thorium but
some uranium [18]. For these samples care must
be taken to avoid oxidized regions because such
areas may have incorporated uranium from the
surrounding seawater and this makes them appear
too young [16].

Thus the ’Pb /Pb method allows the study of
the detailed history of an active field, and the
development of individual chimneys [19], or com-
plex edifices [20], whilst the ***Th/?**U method
gives indications about the periods of activity and
quiescence in the past {19,21,22].

2.2. Manganese oxide deposits

Hydrothermal manganese oxide deposits of the
FAMOUS area [23], of the Galapagos hydrother-
mal mounds area [24] and of the Philippine Sea
[25] have been dated by ?*°Th/***U technique.
Similar deposits from the TAG area have also
been dated {3,7]. As with sulfides the assumption
is that no thorium isotopes are incorporated at the
time of precipitation; the absence of 2*2Th is used
to confirm this hypothesis. Manganese oxide de-
posits are generally precipitated from low-temper-
ature solutions when the high-temperature solu-
tion is cooled and covers the whole spectrum of
various hydrothermal precipitates from low to high
temperature and thus allows a comprehensive his-
tory to be reconstructed.

2.3. Carbonate deposits

In the TAG hydrothermal field calcium
carbonate is found as calcite in foraminiferal ooze,
and as crystalline aragonite in veins and coatings
{11]. These can be dated by the '*C method utiliz-
ing linear accelerator mass spectrometry. The *C
ages measured need to be corrected for the re-
servoir effect (difference between atmosphere and
ocean surface plus the difference between ocean
surface and deep Atlantic waters, i.e. about 850
years, considering as a first approximation that
this aragonite has precipitated directly from the
deep sea reservoir). This correction leads to con-
ventional '*C dates.

3. Geologic setting

3.1 TAG hydrothermal field
Hydrothermal activity at the TAG field is
located on a 10 km long segment of the eastern

44°51°

226°10° N

08’

26°06°
T Thick Mn-Fe deposits BZZ4 Mn and Fe Stains 8]

MHigh temperature vents @ Core with metal
enrichment [28]

Fig. 2. Bathymetric map (100 m contours) showing the em-
placements of the principal mineralizations (modified from
Rona [10]).

wall of the MAR spreading axis [26,27]. At this
location the east wall forms a broad salient toward
the spreading axis and is made up of a series of
fault block steps. High-temperature, presently ac-
tive black smokers are located at 26 °08'N, 44°49’
W at the juncture between the rift valley floor and
the east wall at 3620-3675 m depth. A zone of
low-temperature activity occurs on the east wall
between 2400 and 3100 m depth. Sediment cores
recovered on the east wall and containing Mn
oxide enrichment and discrete layers of sulfides,
indicate that much of the region has been the
focus of hydrothermal activity at different times in
the past. Fig. 2 shows a map of the TAG field
with the location of high- and low-temperature
deposits (from [10]), and Fig. 3 shows a cross-sec-
tion of the region at 26° N through the various
deposits.

High-temperature deposits. The presently active
high-temperature field lies on oceanic crust about
100,000 years old, as determined from the spread-
ing rate calculated from magnetic anomalies,
shghtly off the ridge axis [11]. It is made up of an
elliptical compound mound consisting of con-
centric inner and outer portions. The inner mound
is about 200 m in diameter and the outer mound is
about 500 m wide. The outer mound is covered
with carbonate ooze up to a few tens of centime-
ters in thickness. Basalt talus and occasional mas-
sive sulfide blocks outcrop through the ooze at the
tops of small ridge structures. The presently active
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Fig. 3. Schematic cross-section of the eastern wall of the MAR .
at latitude 26 ° N, Vertical exaggeration 10: 1.

inner mound (Fig. 4) is very steep and rises 50 m
above the outer mound [11]. Its outer portion is
marked by shimmering water discharging from
cracks between massive sulfide talus blocks and
relict chimney fragments. At one location on the
mound there is a 20 m diameter zone of small 1-2
m high bulbous chimneys emanating white to
blue-gray smoke. This region was named the
“Kremlin” [11] because of the distinctive, bulbous
shape of the chimneys. The central part of the
mound is capped by black smoker chimneys rising
some 5-10 m high over a region of 30-40 m
diameter.

C.LALOU ET AL.

The black smokers are predominantly com-
posed of pyrite, marcasite, and chalcopyrite with
small granules of anhydrite. Large massive
anhydrite blocks occur near the base of the chim-
neys. The white smokers of the Kremlin region are
predominantly composed of sphalerite, with chal-
copyrite, pyrite and anhydrite. The mound itself is
mainly composed of massive sulfide blocks and
fallen chimneys of chalcopyrite, pyrite and
sphalerite. Old vent conduits and fissures in these
blocks are commonly coated and infilled with
crystalline aragonite. Many of the older blocks
have oxidized outer portions and occasional coat-
ings of iron oxide (goethite).

Low-temperature deposits. The metalliferous de-
posits of the low-temperature field about 1000 m
higher on the east wall have been described by
Thompson et al. [6]. They include widespread
surficial staining of carbonate ooze by Mn oxides,
as well as discrete (1 m to 15X 20 m) massive
deposits of manganese oxide (birnessite), amor-
phous hydrated iron oxide, and iron silicates (non-
tronite). They include thick laminated crystalline
birnessite slabs, small Fe-oxide tubular vents, and
loose earthy interlayered birnessite, nontronite and
Fe-oxide precipitates. Metal enrichments in sub-
surface layers in sediment cores are attributed to
past episodes of venting [8,28].

3.2. Snakepit hydrothermal field

The Snakepit field is located on the MAR at
23° 22.08'N, 44°57.00°W, atop a large volcanic
ridge in the axial region [11]. The ridge is 400-600
m high, 40 km in length and is composed of a

Int 4816

1676-5-13 Ext 4646

RELICT

CHIMNEYS 112
1676 -5-12| 41035

ACTIVE BLACK SMOKERS
1675-1-4 (1) 0 1676 -2-5[0]
(2) 646

Top 5417

Pb>200
3

Fig. 4. Schematic cross-section of the high-temperature TAG hydrothermal field (from Thompson et al. {11]) with the positions and
ages (in years) of the studied samples. Vertical exaggeration 1:1.
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Fig. 5. Schematic cross-section of the Snakepit hydrothermal field (from Thompson et al. [11]) with the positions and ages (in years)

of the studied samples. Vertical exaggeration 1:1.

series of discrete pillow flows. Volcanic activity
ceased some time ago and there is a slight dusting
of pelagic ooze. Fissuring of the feature is ap-
parently fairly recent although not yet well devel-
oped. The hydrothermal field is at 3400-3480 m
water depth on the ridge and covers discontinu-
ously an area 40,000-50,000 m*> bounded by fis-
sures and faults. The field consists of three elon-
gate, parallel ridges each about 20-30 m high and
100 m long surrounded by sulfide talues and hy-
drothermal sediment. Each is topped by chimney
structures. Fig. 5 shows a cross-section through
the field. The easternmost ridge has 10-12 large
complex chimneys each about 10 m high and
giving off black smoke and has 10~12 large com-
plex chimneys each about 10 m high and giving
off black smoke and high-temperature (350°C)
waters [12]. The central ridge has only relict chim-
neys and is inactive. The westernmost ridge has
small bulbous white smokers emanating warm
(270° C) solutions.

The active black smokers are composed prin-
cipally of pyrite, marcasite, pyrrhotite, chal-
copyrite, and anhydrite. The relict chimneys of the
central ridge are pyrite and chalcopyrite. The white
smokers of the western ridge are predominantly
sphalerite, pyrite and marcasite. The Snakepit field
differs from the TAG field by the presence of
pyrrhotite as a major phase in the Snakepit active
high-temperature chimneys. Secondary sulfides
and oxidation products are much less abundant
than observed at TAG, and aragonite is absent.

4. Results
4.1. TAG field

Recent activity — ?'°Pb / Pb measurements. The
results of ?'°Pb/Pb analyses are given in Table
1A, and shown in Fig. 4. Details about the indi-
vidual samples analyzed are given in Fig. 6A-F.
All of the samples, with the exception of one
sulfide (Dr 1-1-44) and one piece of anhydrite (Dr
1-1-4) which are dredged material, were recovered
by submersible in May 1986 [1].

No black smoker particles were available for
analysis, so the ?'Pb/Pb ratio at f, was not
directly obtainable. However, analyses of active
black smoker chimney walls (two subsamples of
1676-2-5 and subsample (1) of 1675-1-4) give val-
ues for the ratio that are equal within statistical
errors, and their mean value of 1.39+ 0.14 is
taken as the initial ratio. In all sampling care was
taken to avoid any oxidized part which could
induce erroneous results. All of the 21°Pb values
have been corrected for the time elapsed between
the date of measurement and the date of sampling.
y-ray measurements did not show significant ac-
tivity of ?*Ra relative to ?’°Pb activity, so that the
total 2'°Pb represents excess 2'°Pb.

The ages of the most recent chimneys are 0-50
years.

Relict chimneys — 2*°Th /?**U measurements. The
230Th/ 34U analyses of older samples are given in
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Table 1B. Details about the individual samples are
given in Fig. 6G-P. Aragonite samples dated by
4C are also given in Table 1B. All of the samples
are from a dredge haul made in 1985, with the
exception of one submersible sample (1677-1-1)
recovered from the outer edge of the inner mound.
The dredge haul covered part of the outer mound
and onto the outer edge of the inner mound [10].

The ages of the relict chimneys vary between
5000 and 30,000 years.

Low-temperature deposits — °Th /?**U measure-
ments. These results have been reported previously
[7]. They were done predominantly on layered
Mn-oxide samples. Most of the ages range be-
tween 4000 and 16,000 years with the most active

C. LALOU ET AL.

periods around 15,000 + 1000 and 7000 + 3000
years. Some older samples were also measured and
gave ages of 30, 47, 100 and 125 x 10 years.

4.2. Snakepit field

This study has been limited to the few samples
recovered by Alvin dive 1683 [11,12] because the
ODP drilled samples [13,14] were too fragmented
to be representative and the samples from Nautile
dives [15] were not yet available. '°Pb /Pb mea-
surements of recently or presently active chimneys
are given in Table 2A. "Pb/Pb ratio at ¢, has
been taken as the highest ratio found in the field
(1.17 4+ 0.09) for sample 1683-4-1-B, slightly lower
than in TAG field, but the difference between the
two corresponds only to a 5-year discrepancy.

TABLE 1A
210ph /Pb results for TAG youngest samples
Sample No. Mineralogy * 210py Pb 210pp /Pb Age
(dpmg ") (ppm) (years)

1676-2-5
(1) C,P.M 177 +11 130 + 6 136 +0.11 0
(2) C 406 + 24 28 + 28 145 +0.17 0
1675-1-4
(1) C A 100 + 05 73 + 07 137 +0.15 0
2) A, G 200 =+ 09 173 + 1.7 116 +0.13 6+6
1677-2-1

A 032 + 0.03 0.28+ 0.03 1.14 +0.16 7+7
1676-5-12
(1) C, P 66.5 + 4.1 68 + 7 0.98 +0.11 11+7
2) C.S,P 120 + 7 120 + 6 1.00 +0.08 1045
1676-5-13
(1) S, Zn, C 643 + 39 210 +10 031 +0.02 48+6
) S.Zn 184 + 9 570  +28 032 +0.02 46+6
1676-6-15
Top
(1) C S 154 + 12 62 + 6 025 +0.03 5447
2) S,Zn 115 + 392 +20 0.29  +£0.02 50+5
Base
1) S,Zn 125 + 8 387 19 0.32 +0.02 47+6
1677-1-1
(D P, M 0.83 + 0.07 342 +17 0.0024 + 0.0002 > 200
) P,M 0.747+ 0.045 330 +16 0.0023 +0.0002 > 200
(3) P,M 0.337+ 0.041 400 +20 0.0008 + 0.0001 > 200
1676-1-1

S, Zn 205 +10 618 +30 033 +0.02 46+ 5
Dr1-1-44

A 624 + 32 535 + 2.7 1.17 +0.08 545
Dr1-1-4

A 1.29 + 0.09 143+ 0.14 09 +010 1447

Errors quoted are 1o counting error for 2°Pb and 5% or 10% for lead depending on the concentration and then of the method used.
2 Mineralogy: C = chalcopyrite; P = pyrite; M = marcasite; S = sphalerite; A = anhydrite; G = gypsum; Zn = hydrated zinc sulfate;
Fe = iron oxide. Minerals are quoted in order of decreasing abundance in the subsamples.
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TABLE 1B
230Th /234U and 'C dating for samples dredged on TAG hydrothermal field
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Sample No. By /TRy 34y B0 D27 BT /B4y Age
(dpmg~") (dpmg™h) (ppm) (x10° years)

1677-1-1 1.143+0.017 931+022 0.78 +0.04 n.d. 0.083 +0.003 94 + 0.6
Dr1-23
Aragonite (3) 1126 +£0.043  3.53+0.13  0.18 +0.01 n.d. 0.051 +0.004 57 + 0.6
Aragonite + nontronite (2) 1.095 +£0.037 4.49+0.15 0.22 +£0.002 nd. 0.049 + 0.004 55 4+ 05
Sulfide + 33% aragonite (1) 1.167+0.051 2514011 0.27 £0.002 nd. 0.108+£0.008 124 + 1
Aragonite conventional '*C ® Gif - - - - - 3.88+ 0.12
Real " C age estimate ® 43
Sulfide calculated from (1)

and ' C aragonite ¢ - - - - - 19
Drl-1-8
67% Aragonite + goethite (1) 1.093+0.060 3.384+0.14 0.34 +0.05 0.36+0.1  0.099+0.014 113 + 1.7
52% Aragonite + sulfide (2) 1.108+0.033 2344007 032 +0.03 n.d. 0.136+0.012 158 + 15
Sulfide (4) 1.264 £ 0.081 1.53+0.11 029 +0.01 nd. 0.189+0.016 225 + 2
Aragonite conventional '*C ® Gif - - - - - 852+ 0.12
Real '*C estimate ® 9.5 *
Goethite calculated from (1)

and '“C aragonite ¢ - - - - - 17
Sulfide calculated from (2)

and '*C aragonite © - - - - - 40
Drl1-1-46
Aragonite (5) 1.152+0.055 3694002 0.23740.028 nd. 0.064 +0.008 72 + 1
Goethite + 14% aragonite (3) 1.048+0.078  4.48+0.32 1.059+£0.054 nd. 0.236+0.021 290 + 3
Sulfide (1) 1.099+0.013  3.7440.10 0474+0.026 nd. 0.127+£0.008 147 + 1
Aragonite conventional '*C * Gif - - - - - 331+ 0.09
Real '*C estimate ° 3.6
Goethite calculated from (3)

and '“C aragonite ¢ - - - - - 325
Dr1-1-21
Aragonite + sulfides (2) 1.1914+0.044  5.024023  0.662+0.048 n.d. 013240011 153 + 14
Sulfide + 10% aragonite (1) 1.141 +0.087 1.31+£008 0.279+0088 n.d. 021340025 260 + 3.5
Aragonite conventional " C * Gif (A)- - - - - 294+ 0.1
Real "C estimate ® 32
Aragonite conventional '*C * Gif (B)— - - - - 3524 0.09
Real ' C estimate ® 39
Aragonite conventional '*C ?® Gif (C)- - - - 849+ 0.14
Real '“C estimate ® 95 *
Aragonite conventional ' C 2

Arizona (D) - - - - - 6.83+ 0.07
Real " C estimate ® 77
Dr1-1-24
Aragonite (1) 1.194 +0.041 51940.18  0.502+0.037 nd. 0.087+0.008 110 + 1
Sulfide (2) 1.091+£0.065 0.77+0.04 0.312+0.029 0.29+0.05 0.404+0.04 56?7
Aragonite conventional '*C 2

Arizona (A) - - - - - 5.80+ 0.07
Real '*C estimate © 6.55
Aragonite conventional "*C * Gif (B)- - - - - 699+ 049
Real M C estimate ® 7.8
Dr1-1-43
Aragonite (1) 1.085+0.041 4.0740.19 0.321+£0.026 n.d. 0.079+£0.007 89 + 08
Sulfide (2) 1.356+0.165 0.43+0.04 0.081+0.01 n.d. 0.186+0.029 22 + 4
Carbonate ooze conventional ' C ?

Arizona 7.61+ 0.06

Real *C estimate ®

8.4




120 C.LALOU ET AL.

TABLE 1B (continued)

Sample No. nay 28y 234y FE 32Ty DOTH, 4y Age
(dpmg™') (dpmg ) (ppm) (X10° years)

Dr1-1-45
Sulfide (1) 1.139+0.045 0.32+0.01 0.012+0.001 n.d. 0.037+£0.003 40 + 05
Sulfide (2) 1.074 4 0.044 0.46+0.02 0.019+0.004 0.01+0.01 0.041 +0.009 45 + 1
DR1-1-16
Sulfide (1) 1.166 + 0.036 1.94+0.12 0.243+0.02 n.d. 0.125+0.012 144 + 15
Aragonite (2) 1.162+0.029 419+0.15 0.667+0.071 n.d. 0.159+0.018 18.7 + 23
Aragonite conventional '4C @ Gif (A)

richer in sulfide - - - - - 392+ 0.1
Real '*C estimate ° 4.5
Aragonite conventional '*C * Gif (B)

richer in goethite - - - - - 576+ 0.1
Real "C estimate ® 6.5
Dr1-1-7D
Loose internal sulfide (1) 1.178+0.034 18.81+1.2 1.899+0.095 n.d. 0.101+0.08 115 £ 1
External goethite (2) 1.132+0.041 13.62+0.83 1.7224+0.155 n.d. 0.126+0014 146 + 138
Central sulfide (3) 1.217+£0.019 12.36+0.62 1.7524+0.137 nd. 0.142+0.013 165 + 1.7
Drl1-1-15
Aragonite (1) 1.079 +0.055 7.71+0.47 2.105+0.211 nd. 0.2734+0.032 345 + 5
Sulfide (2) 1.096+0.013 9443+5.18 14.68 +0.84 n.d. 0.155+0.012 183 + 1.5
Goethite (3) 1.026 +0.073 2.98+0.22 0.906+0.095 n.d. 0.2924+0.034 377 + 5.3
Sulfide (4) 1.164+0.121 5.38+0.43 0.898+0.191 n.d. 0.167+0038 20 + 5
Aragonite (5) 1.092+0.183 5.78+0.73 2.05 +0.46 nd. 0.355+0.04 47 +17
Aragonite conventional 1*C ? Gif - - - - - 362+ 0.1
Real '*C estimate ° 4
Dr1-1-3
Iron oxide (1) 1.134+0.052 317+0.15 0.934+0.064 0.08+0.03 0.295+0.025 375 + 4
Dri-1-44
Sulfide 1.009 £ 0.035 2.65+0.15 n.d. n.d. n.d. n.d.
Sulfide (*!°Pb) (see Table 1A)

* Conventional ' C is the measured value corrected for the difference between atmosphere and deep Atlantic Waters, ca. — 850 years
[43] assumed to be constant during the last 10,000 years. (If the origin of carbonate is sediment formed with planktonic species, the
correction is only —400 years.)

Real age estimate. In order to compare these ages with ages obtained by other radiochronological methods, we have used the '*C
calibration curves for the atmosphere measured in tree rings {44]. * Around 9000 B.P., the A'*C of the atmosphere is close to 90%o
{45). These estimates are probably affected by an uncertainty of about +300 years, due to uncertainties of the real reservoir age
correction and to the response of the deep ocean to the '*C atmosphere variations.

Calculated ages = age of the mixture sulfide (or goethite) -+ aragonite corrected for the % aragonite in the sample and the 14C age of
aragonite.

n.d. = non detected, i.e. under the detection limit taken as 2N , N being the averaged number of counts at the >*2Th energy area.
It is fluctuant, owing to the quantity of sample available and the counting time.

Quoted errors are 1o counting error.

4

e

Older samples analyzed by the »*°Th /#3*U method not sufficiently well established to be included in

are given in Table 2B. A description of individual
samples is given in Fig. 7. The youngest samples
are 0—12 years old, the oldest are between 500 and
perhaps 5000 years.

5. Discussion
In Fig. 8 we have summarized all the available

data for ages of different deposits in the TAG
hydrothermal field; the chronology of Snakepit is

the figure, and specially because we cannot ascer-
tain that the two fields followed the same tem-
poral evolution. Column 1 shows our measure-
ments on relatively pure sulfides. Column 2 shows
data from sediment cores in the TAG field in
which discrete layers of sulfide or Cu-Fe-Zn en-
richment have been reported [8,28]. These and
many other cores also show sulfide or metal stain-
ing at the seawater—sediment interface, presum-
ably of present-day age (0—100 years). The ages of
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the enriched layers were calculated in the cores
from their depth assuming a constant sedimenta-
tion rate of 1.8 cm ky~! [8], or in one core from
“C measurements and carbonate accumulation
rates (0.6 g cm™2 ky ') which gave ages of two
recorded hydrothermal layers as 6000 and 8500
years [28]. Column 3 presents the ages of the
aragonite deposits determined by *C radiochro-
nology. Column 4 shows our previous 2°Th /U
measurements on manganese deposits from the
low-temperature field located at shallower depth
(2400-2900 m depth) on the eastern wall [7].
Column 5 shows data on discrete Mn enrichment
observed 1n various cores by other workers [8,28].
Column 6 presents our new measurements on iron
oxides.

Two important observations can be made im-
mediately from Fig. 8. First, the hydrothermal

ACTIVE BLACK SMOKER

Channel

1676-2-5

’Lhnnnm

I cm

1675-1-4

RELICT CHIHNEY

1676-5-12
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activity in the TAG field has been intermittent, or
pulsed, over the past 120,000 years. Second, the
present activity is relatively recent (< 100 years)
after a hiatus of about 4000 years. We recognize
that the establishment of a precise chronology
depends on a thorough and representative sam-
pling which is difficult to assert in the deep sea
environment. However, we note that in studies of
the EPR at 21°N, 13°N and in the Galapagos
Rift [19,21,22], only very young (<200 years)
were found at active sites, and fossil samples
(except for an active low-temperature site at 13°
N dated at 2000 years) were about 4000 years or
older, in agreement with our findings in the TAG
field.

In detail we can note further features of the
intermittent activity. Considering the sulfide ages
(Fig. 8, column 1) they can be grouped into six

RELICT CHIMNEY

— Channel

1676-5-13] .

417

ACTIVE WHITE
SMOKER
Top

——
Channel

Base Channel

E

2 1676-6-15 -

RELICT CHIMNEY AT THE BASE OF
THE INNER MOUND

F { Mean sample)

1677-1-1

Fig. 6. Schematic drawings of the TAG samples used in this study. A—F. Alvin samples. On the left part of the figure is a drawing of
the whole sample with the position of the slice used. On the right, the cross-section of the slice with the position (window bars area
and italic numbers) and ages in years (bold numbers) of the subsamples. Feeding channels are indicated by dotted area. G-P.
Samples from the 1985 dredge haul. The samples are presented with the different orientations showing the places where the
subsamples have been cut. The ages indicated are in ky (bold numbers). The identification of subsample is in italic (numbers for the
samples dated with 230Th /234U, letters followed by '*C for the ones measured with AMS).
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periods. The oldest one is around 50,000 years (2
samples, 40—-56 X 10° years with some large un-
certainties), another younger one is around 20,000

TABLE 2A

210pb /Pb results for Snakepit youngest samples
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years (5 samples, 18.3-26 x 10° years), then about
15,000 years (3 samples, 14.4-16.5 X 10° years),
10,000 years (2 samples, 9.4-11.5 X 10° years) and
4000 years ago (2 samples, 4.0-4.5 X 10° years).
The white smokers and recently inactive chimneys
are about 50 years old, including one sample
recovered just outside the active inner mound
which indicates there has been little recent activity
in parts of the outer mound. Present activity in-
cludes the black smokers and massive anhydrite
which are around 10 years old or less. Between
these periods of high-temperature activity leading
to the formation of sulfide deposits, there are
major gaps in activity, as far as sulfides are con-
cerned.

The data from the cores indicate a number of
past events between 4000 and 18,000 years based
on sulfide or Mn-rich layers determination. The
analyses of the Mn deposits in the low-tempera-
ture field indicate past intermittent activity be-
tween 4000 and 120,000 years with major events
around 7000 and 15,000 years ago. There are only
a few analyses of iron oxides and they show ages
between 15,000 and 40,000 years ago.

The aragonite precipitations are always younger
than their associated sulfides and must represent a
different event. They are only found on the high
temperature mound, and not observed in nearby

Sample No. Mineralogy * 210py Pb 210pp /Pb Age
(dpmg™") (ppm) (years)

1683-4-1B
1) S. Fe 559 + 41 462123 1.21 +0.11 0
2) S, Fe 384 + 24 32716 1.17 £0.09 0
1683-1-1A
(1) Fe 315 + 1.7 29+ 3 1.09  +0.13 343
1683-9-1
1 P.M, C 268 + 14 280+ 14 096 +0.07 6+5
2) P, M, C 251 + 12 260+13 0.96 +0.07 6+5
1683-3-1
1) P 0126+ 0.028 99+ 5 0.0013 +0.0003 > 200
(2) P 0.045+ 0.015 294+ 15 0.00015 +0.00005 > 200
1683-8-1
8] S.M 304 + 21 380+ 19 0.80 +0.07 1243
2) S\M 1541 +105 1857+93 0.83 +0.07 11+3
1683-5-1

P, M, C 0.196 + 0.020 1444 + 72 0.00014 + 0.00002 > 200

Errors quoted are 1o counting error for 2'°Pb and 5% or 10% for lead depending of the concentration and then of the method used.
* Mineralogy: C = chalcopyrite; P = pyrite; M = marcasite; S = sphalerite: Fe =iron oxide. Minerals are quoted in order of

decreasing abundance in the subsamples.
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TABLE 2B
230Th / 334U dating for samples older than 200 years for Snakepit hydrothermal field
Sample No. By 28y B4y 30 22 TR, P4y Age

(dpmg™) (dpmg ") (ppm) (X 10 years)
1683-3-1 (3) 1.065 +0.029 0.253 +£0.009 0.009 +0.001 0.006 +0.001 0.037 +0.004 <4
1683-6-1 (1) 1.146 +0.028 40 +02 0.016 +£0.002 n.d. 0.0041 + 0.0006 0.45+0.07
1683-5-1 1.117+£0.044 0.208 £0.010 0.012 +0.001 0.003 £0.001 0.058 +0.005 <6

Errors are statistical counting errors at 1o level.
n.d. = not detected, i.e. under the detection limit.

cores. Aragonite is not a common constituent of
the deep sea environment, although it has been
reported in association with deep sea peridotites
[29], with hydrothermal sediments in DSDP cores
[30] and in the Red Sea Brines [31]. Generally
aragonite is unstable in the deep sea environment
and will dissolve or invert to calcite; presumably
the massive crystalline nature and high Sr content
(1.5-2%) helps its preservation [32,33].

The aragonite ages determined by *C radio-
chronology fall in three groups: one around 4,000
years (6 samples, 3200-4500 years), a second
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around 7000 years (4 samples, 6500-7800 years)
and a third group around 9000 years (3 samples,
8400-9300 years). Perhaps older aragonite de-
posits have not been sampled or have been already
dissolved. The questions we need to answer are:
what is the origin of the aragonite and what do the
ages tell us regarding hydrothermal activity?
Swart (personal communication) has shown for
one of the aragonite samples (1-23), that 8O
values lie between +4 and +4.4%o (vs. PDB) and
8'*C values are between +2.5 and +3.7%0. Fol-
lowing data of Tarutani et al. [34] and Grossman
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Fig. 7. Schematic drawing of the Snakepit samples. For explanation see caption for Fig. 6A~F.
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Fig. 8. Summary of the results obtained for the TAG hydro-
thermal field. The results of age dating for TAG samples are
reported on a logarithmic time scale. Column 1 = sulfide sam-
ples; 2 = hydrothermal sulfides in cores after Shearme et al. [8]
and Metz et al. [28); 3="4C ages of aragonite; 4 = ages of
Mn-oxide deposits (from Lalou et al. [7]); 5= Mn enrichments
in cores from Shearme et al. [8] (bar with two peaks) and from
Metz et al. [28] (asterisks); 6 = goethite or iron oxide; 7=
eruptive volcanic events (from Zonenshain et al. [39]).

and Ku [35] for determining the temperature of
precipitation of aragonite from seawater, this
would indicate precipitation at 2.5 + 1°C, i.e. bot-
tom water temperature for the TAG area. Similar
values for 8'%0 (+ 1.4 to +4.4%0) and 8'>C (+2.3
to +4.4%) were noted for carbonate veins in
basaltic rocks at DSDP site 395, 140 km west of
the MAR at 23°N [36]. The low-temperature pre-
cipitation of aragonite occurred in the voids of the
chimneys and not during high-temperature sulfide
precipitation. We suggest that the aragonite results
from dissolution and reprecipitation of the
calcareous ooze settling on the mound when the
system cools at the end of an episode of hydro-
thermal activity. This hypothesis also took into
account the fact that we have no very young
aragonite associated with the present activity.
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The '“C age of the precipitating aragonite de-
pends on the range of age of the reworked sedi-
ment; moreover, this ooze being essentially
planktonic foraminifera, the reservoir correction
for *C dates will be then limited to the difference
between atmosphere and surface waters, that is
about —400 years. This range of age of the re-
worked sediment would explain the range in val-
ues within the different age groups of aragonite
(about 1000 years), but larger age differences
among the groups probably represent discrete
periods of hydrothermal activity.

Previous works [6,11,37] suggested that the large
salient of the eastern wall, which i1s made up of a
series of lystric fault steps, may affect the plumb-
ing system of the hydrothermal circulation and
channel the hydrothermal solutions along major
normal faults to their present venting site. Recent
work [38] further suggests that a major east—west
fault zone is present in the TAG area and is
perpendicular to the north-south axis parallel
normal fault regime. The TAG mound apparently
lies on the intersection of these two faults whose
geometry favors focussing of the hydrothermal
solutions. They are presumably reactivated at or
shortly after each magmatic event. This hypothesis
1s supported by observations with the two Soviet
MIR submersibles in Spring 1988 where they dis-
tinguished at least three age groups of lava flows
based on sediment cover: old flows of
25,000-50,000 years old; intermediate flows of
about 5000-15,000 years old; and young flows
less than 1000 years old [39]. Thus the mound
provides a historic record of past volcanic, tectonic
and hydrothermal events.

The TAG field, because of the ridge topogra-
phy, differs from hydrothermal fields on the East
Pacific Rise where the present and fossil activity
are separated in space and time [19,21], and the
plume influence may spread well away from the
ridge axis to the abyssal plain [40]. The Galapagos
mounds formation is similar to the TAG area in
showing hydrothermal activity at the same loca-
tion despite a large shifting (20-30 km) away from
the spreading centre over a long time span (600,000
years), based on data from Lalou et al. [41], al-
though in this case it has all been low-temperature
deposits (MnO,, nontronite and no sulfides). The
TAG field has high- and low-temperature deposits
(sulfides and MnQO,) in close proximity. Low-tem-
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perature fluids that reach high on the east wall,
about 1000 m higher than the sulfide deposit, are
probably related to the major circulation and rep-
resent fluids that, mixing with cold seawater, have
lost their sulfides within the crust and now only
precipitate Fe, Mn and Si. Some of the high-tem-
perature plume activity impacts on the surround-
ing sediment leading to metal-rich horizons in the
sediment column.

The chronology for the Snakepit field is more
uncertain because only a few samples have been
analyzed. Presently active chimneys, or those re-
cently active, are up to 12 years old. Older sam-
ples have some uncertainties because of 2*’Th
contamination but suggest past activity around
4000-5000 years ago. This would be in keeping
with an initial hydrothermal activity shortly after
eruption of the volcanic ridge. Slight sediment
cover on the ridge implies an age of only a few
thousand years [42]. This event may have built the
large talus ridges and the deep sediment layers (up
to 11 m) as reported by the ODP drilling [13,14].
Recent reactivation may have occurred at the onset
of fissuring which reopened fluid channelways, or
possibly there has been recent reinjection of
magma into the magma chamber and reinitiation
of hydrothermal circulation. Reactivation and
opening of old channelways would also explain
the anomalous Cs/Rb and B isotope ratios ob-
served in Snakepit fluids which were ascribed to
contact of the present-day fluids with weathered
basalts [12].

6. Conclusion

Based on the present sampling and geochronol-
ogy. we suggest the following history: activity at
the TAG hydrothermal field began 120,000 years
ago as evidenced by low-temperature hydrother-
mal activity, and was probably intermittent until
about 40-50 X 10° years ago. At that time the
presently active mound began to form. Older high
temperature activity has not yet been observed.
Intermittent high temperature activity continued
with at least four more past high temperature
events (20,15,10 and 4 X 10* years ago). The dates
obtained on the sulfides from the mound suggest a
hiatus from between 10,000 and 4000 years, but
dating of layers in the adjacent sediments, and an
event that precipitated aragonite, suggest some

C.LALOU ET AL.

activity in the region between 6000 and 8000 years
ago. Present activity began 50 to 100 years ago.

Repeated events at the same location (the pres-
ently active mound) are due to focussing of the
vent fluids via major fault systems. The heat source
and hydrothermal circulation are driven by mag-
matic injection at or near the ridge axis. Age data
from the sulfides suggest, at least for the past
20,000 vears, that new hydrothermal circulation
(and hence magma injection) occurs every
5000-6000 years.

The Snakepit field appears to have registered at
least two events, an initial event about 4000 years
ago, and a recent revival which is still presently
active. As with the TAG hydrothermal field, the
hydrothermal activity is apparently tectonically
controlled, although driven by magmatic events,
but these first results have to be confirmed on new
well documented samples.
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