LETTERS TO NATURE

The results presented here are a first attempt at investigating
expected global trends in surface UVR in the context of cloud
variability, and we now give several cautionary notes. First, the
cloud reflectance dataset (ERBE) has a duration of only five
years, and could therefore provide a first-order estimate of inter-
annual variability, but not any estimate of possible trends in the
global cloud cover itself. Second. the global trends in ozone used
here’ were derived from TOMS data over the period 1978-91.
There have been some pronounced ozone depletion events dur-
ing the early 1990s'", but on the other hand. ozone depletions
are expected to recover during the first half of the next century
as a result of the 1987 Montreal Protocol. Certainly this type of
study should be repeated periodically, as the TOMS or similar
ozone time series becomes longer and the regional ozone trends
are revised accordingly. Third, in this study tropospheric ozone
is held constant. Tropospheric ozone can provide a noticeable
absorption of UV-B (280-315 nm) flux in the presence of cloud
scattering'®. and for regions where tropospheric ozone abund-
ance may be increasing (for example, industrialized regions), the
elapsed times reported here might best be considered as lower
limits. Fourth, satellite investigations of this kind should not be
taken as a substitute for deploying a global ground-based UVR
monitoring network using spectral radiometric equipment. Fifth,
we have examined the significance of UVR trends with respect
to cloud variability because the issue of cloud opacity has
hitherto been considered an unknown quantity on a global basis.
We have not discussed detection of UVR trends with respect to
variability in ozone; this is beyond the scope of this study and
is best addressed by ground-based spectral UVR
measurements' ™', There are some reasons for being concerned
about peak (cloud-free) rather than climatological UVR
exposure’®?' (for example, the effects of recreational sun expo-
sure in humans), and in the cloud-free case our threshold for
biological significance is reached immediately. Last, we have dis-
cussed here only the elapsed time from the onset of ozone deple-
tion to when a trend in a given biological UVR dose rate would
just begin to exceed the bounds under which ecosystems have
adapted, as defined by interannual variability in cloud opacity.
The ecological significance of this should be determined by the
workers in the area of photobiology. |
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THE hydrothermal circulation of sea water through permeable
ocean crust results in rock—water interactions that lead to the
formation of massive sulphide deposits. These are the modern ana-
logues of many ancient ophiolite-hosted deposits' ™, such as those
exposed in Cyprus. Here we report results obtained from drilling
a series of holes into an actively forming sulphide deposit on the
Mid-Atlantic Ridge. A complex assemblage of sulphide—anhyd-
rite—silica breccias provides striking evidence that such hydrother-
mal mounds do not grow simply by the accumulation of sulphides
on the sea floor. Indeed, the deposit grows largely as an in situ
breccia pile, as successive episodes of hydrothermal activity each
form new hydrothermal precipitates and cement earlier deposits.
During inactive periods, the collapse of sulphide chimneys, dissolu-
tion of anhydrite, and disruption by faulting cause brecciation of
the deposit. The abundance of anhydrite beneath the present region
of focused hydrothermal venting reflects the high temperatures
(>150 °C) currently maintained within the mound, and implies
substantial entrainment of cold sea water into the interior of the
deposit. These observations demonstrate the important role of
anhydrite in the growth of massive sulphide deposits, despite its
absence in those preserved on land.

In September-November 1994, the Ocean Drilling Program
Leg 158 drilled a series of holes into a large hydrothermally
active mound in the TAG hydrothermal field located at a water
depth of 3,650 m on the eastern side of the median valley of
the Mid-Atlantic Ridge at 26° 08' N (Fig. 1 inset). Although
hydrothermal deposits have been found over an area of about
5 x 5 km, known high-temperature venting is at present confined
to the TAG active mound which is about 200 m in diameter and
50 m high® 7. Episodic hydrothermal activity at this site over at
least the past 20,000 years®® has resulted in the construction of
two superposed platforms'®. Mineralogical zoning on the surface
of the mound reflects different, but related, types of venting
(Fig. 1)'"'%. Chalcopyrite-anhydrite-rich chimneys venting high-
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temperature (>360 °C) copper-rich fluids are clustered on a
20 m diameter cone on the northwestern side of the upper plat-
form (the Black Smoker complex). Approximately 70 m to the
southeast on the lower platform, a field (the Kremlin area) of
sphalerite-dominated, white smokers vent zinc-rich fluids at tem-
peratures of 260-300 °C (refs 13-15). Geochemical modelling
of fluid compositions and the associated mineral assemblages
indicates that the white-smoker fluids can be derived from the
black-smoker fluids by a combination of conductive cooling and
mixing with sea water, and precipitation of sulphides and
anhydrite within the mound'>">. These reactions decrease the
pH of the circulating hydrothermal fluids to values below 3,
causing dissolution of sphalerite within the mound and an order
of magnitude enrichment of zinc in the white-smoker fluids
(Zn concentration, 300-400 pmol17') compared with the
black-smoker fluids (Zn concentration, 46 pmol 17')'®. The zinc
is then reprecipitated at the surface of the mound as sphalerite-
rich chimneys and domes. Diffuse flow of low-temperature
(<25°C) fluids occurs over the rest of the top and sides of
the mound.

Seventeen holes drilled at five locations (TAG 1-5) on the
TAG active mound reveal the subsurface nature and lateral
heterogeneity of the actively forming deposit and the underlying
upflow zone down to the depth of 125 metres below sea floor
(m.b.s.f.) (Fig. 1). Because holes were drilled in close proximity
(within 10-15 m) at each location, their stratigraphy has been
combined to produce a composite section for each area (Fig. 2).
Recovery of relatively unaltered basalt near the edges of the
mound at depths of about 20 m.b.s.f. (at TAG-2) and 40 m.b.s.f.
(at TAG-4) has constrained the lateral extent of intense crustal
alteration and mineralized upflow zone to about 80 m. Based on
the thickness of the sulphide zone and the extent of the underly-
ing upflow zone, our preliminary estimates indicate that there
are about 2.7 million tonnes of massive sulphides above the sea
floor, and approximately 1.2 million tonnes below the sea floor
in the upflow zone. This is well within the range for typical
ophiolite-based massive sulphide deposits worldwide'® and is
quite comparable with the average-sized Cyprus-type ore deposit
of 3 million tonnes'’. Shipboard analyses of samples from the
drill core indicate bulk copper contents of 1-2 wt% for the depo-
sit and imply a bulk metal content of 30-60 thousand tonnes of

copper.

Breccias of various types dominate all the sections drilled
through the mound (Fig. 2). Massive sulphides reflecting the
formation of new hydrothermal precipitates (for example, mas-
sive granular pyrite and chalcopyrite at TAG-1, and massive
sphalerite and pyrite at TAG-2) are restricted to the upper few
metres at each drilling location. The near-surface precipitates at
TAG-2 are relatively enriched in base metals (Zn contents of 1-
4 wt%, Au contents of 3 p.p.m. compared with <700 p.p.m. and
~250 p.p.b. respectively at TAG-1); this is interpreted to be the
result of remobilization of these metals at depth within the
mound from previously deposited sulphides. Red and grey sili-
ceous material (Fig. 3a) was also encountered in the upper few
metres of the TAG-2, TAG-3 and TAG-4 areas. This probably
results from the precipitation of silica at low temperatures
(<100 °C) from hydrothermal fluids percolating through the
mound.

Based on the overall internal structure of the mound and the
upflow zone, four major zones can be distinguished, all of which
may or may not be present in one section (Fig. 2). Zone 1
consists of clast-supported massive pyrite breccias that dominate
the upper 10-20 m at every location (Fig. 3b). This is underlain
by an anhydrite-rich zone (zone 2) identified only in the TAG-
1 and TAG-5 areas. This zone can be divided into two breccia
types distinguished primarily on the basis of the relative abund-
ances of pyrite, anhydrite and silica: (1) matrix-supported
pyrite-anhydrite breccias (Fig. 3¢) are present down to about
30 m.b.s.f., and are underlain by (2) pyrite-silica-anhydrite brec-
cias that extend to the bottom of the anhydrite-rich zone at
about 45 m.b.s.f. Anhydrite veining is extremely well developed
throughout this zone, where composite veins up to 45 cm thick
are present (Fig. 3d). They comprise complex multi-stage frac-
ture fillings and cavity linings, some of which include dissemin-
ated, fine-grained pyrite and chalcopyrite, and trace amounts of
haematite. Zone 3 consists of intensely silicified and brecciated
wall rock which comprises the upper portion of the upflow zone
beneath the mound. Pyrite-silica breccias (Fig. 3e) occur in the
upper part of this zone and are uderlain by silicified wall-rock
breccias, which are distinguished from the overlying pyrite-silica
breccias in that they contain significantly less pyrite ( < 50 vol.%)
and are dominantly clast-supported. Below about 100 m.b.s.f.,
the silicified wall-rock breccias grade into a chloritized basalt
breccia (zone 4) where chloritized and weakly mineralized basalt
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FIG. 1 High-resolution bathymetric map (5-m
contour interval) of the TAG active mound, show-
ing its overall morphology and the major areas
of venting (Black Smoker complex and Kremlin
area). The locations of the holes on the TAG
active mound drilled during Leg 158 of the Ocean
Drilling Program are also shown. Inset, location
of the TAG hydrothermal field on the Mid-Atlantic
Ridge. (Bathymetric map from M. C. Kleinrock
and S.E.H., unpublished data).
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fragments (1-5 cm in size) are cemented by quartz and pyrite,
and are cross-cut by veins of pyrite, quartz and quartz+ pyrite
(Fig. 31).

One of the most striking features of the cores recovered from
the TAG mound is the dominance of breccias throughout the
mound and in the upper parts of the underlying upflow zone.
These breccias often include a mixture of clasts of various types
(for example, sulphide, altered (silicified) wall rock) that formed
by different processes at different depths. Of particular note is
the presence of altered basalt fragments at shallow levels within
the hydrothermal mound. This complex structure implies that
the TAG active mound has undergone multiple stages of devel-
opment, which are reflected in the sequences of alteration and
veining events that can be distinguished in both the sulphide
breccias and in the silicified and chloritized basalt breccias. The
sulphide breccias probably accumulated at the sea floor by the
collapse of large sulphide chimneys, mass wasting, and by dissec-
tion of massive sulphides by repeated movement along faults.
This debris has been overgrown by later generations of deposits
and progressively cemented or replaced by quartz, sulphides and
sulphates. Closing and reopening of faults due to tectonic events
could explain the focusing of fluid flow at this site during epi-
sodic hydrothermal activity. The presence of altered basalt clasts
in the upper part of the mound may indicate (1) very high fluid
flow rates'® that transport the clasts from depth and then re-
deposit them at shallower depths, (2) emplacement of the sul-
phides within a pre-existing pillow mound or breccia pile which
has now been largely replaced leaving behind relics of the origi-
nal pillow talus, (3) partial burial of the deposit by lava flows
at intermediate stages during its growth, or (4) disruption of the
breccias and footwall rocks by faulting within the mound. The
construction of the TAG active mound therefore is interpreted
to be substantially a process of hydrothermal replacement and
mineralization in the upflow zone coupled with mass wasting,

FIG. 2 Diagram of the TAG active mound showing the sur-
face morphology and distribution of venting, as well as the
generalized and simplified internal structure based on the
drilling results. Letters in brackets refer to the drillhole
designations at each site, as shown in Fig. 1. Recovery of
rock core ranged from <1 to 63% with an average of
~ 12%. Four major zones within the mound and upflow zone
can be distinguished. Zone 1. Massive pyrite breccias—
clasts (up to 5 cm) of massive, granular pyrite in a porous,
sandy pyrite matrix with minor amounts of anhydrite (Fig.
3b). Pyrite typically comprises > 75 vol.% of the rock. Zone
2. Pyrite—anhydrite breccias down to about 30 m.b.s.f.—
rounded pyrite clasts (0.5-2 c¢cm in size) in a matrix of
anhydrite (Fig. 3c). Pyrite comprises 50-75 vol.%, anhydrite
> 25 vol.%. Pyrite-silica—anhydrite breccias that extend to
~45 m.b.s.f.—clasts of siliceous pyritic material, quartz-
pyrite aggregates, and granular pyrite cemented mainly by
quartz with cross-cutting anhydrite veins. Pyrite comprises
50-75 vol.%, silica >10 vol.%, and anhydrite >10 vol.%.
Anhydrite veining is extremely well developed throughout
this zone (Fig. 3d). Zone 3. Pyrite-silica breccias—large
(<10 cm) grey fragments of siliceous material (pre-existing
mineralized and silicified wall rock) and quartz—pyrite clasts
in a matrix of fine-grained quartz (Fig. 3e). Pyrite comprises
>50vol.%, quartz matrix >10 vol.%. Silicified wall-rock
breccias—clasts of basaltic fragments (1-5 cm in size) that
are recrystallized to quartz, pyrite and a phyllosilicate,
although some contain relict igneous textures. Zone 4.
Chloritized basalt breccias occur below ~100 m—chlorit-
ized and weakly mineralized basalt fragments (1-5cm in
size) cemented by quartz and pyrite, and cross-cut by veins
of pyrite, quartz and quartz + pyrite (Fig. 3f). (This figure
was drawn by E. P. Oberlander.)

E Pyrite-silica breccia
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brecciation and cementation of material that was precipitated
on the sea floor.

The abundance of anhydrite preserved within the mound (esti-
mated to be ~10° m*) was unexpected. Owing to its retrograde
solubility (that is, its solubility decreases with increasing tem-
perature), the precipitation of anhydrite from sea water at a
water depth of 3,650 m requires the sea water to be heated to
>150 °C. Hence the presence of anhydrite reflects the high tem-
peratures maintained within the mound, and its abundance
implies substantial entrainment of cold sea water into the interior
of the deposit. Estimates® of the convective heat flux from the
Black Smoker complex are in excess of 200 MW. The focusing
of this flux in a small area suggests that the vigorous high-
velocity discharge of hot, hydrothermal fluids results in sea water
being drawn into the edges of the mound and into the upflow
zone beneath the Black Smoker complex'” where it is heated by
mixing with the high-temperature hydrothermal fluids. By this
mechanism, many cubic kilometres of sea water may have been
entrained over the life of the hydrothermal system. During long
periods of inactivity, temperatures within the mound undoubt-
edly decreased below 150 °C causing abundant dissolution of
anhydrite and resulting in the formation of open spaces and
collapse breccias.

The internal structure of the TAG mound bears a striking
resemblance to ancient volcanic-hosted massive sulphide depos-
its preserved in ophiolites. Such deposits found in the ophiolites
of Cyprus, Oman and Newfoundland are regarded as the closest
ancient analogues of massive deposits currently forming at mid-
ocean ridges. Sulphide and wall-rock breccias are well docu-
mented in Cyprus-type massive sulphides and include coarse sul-
phide conglomerates, quartz-cemented breccias, and chloritized
and silicified basalt breccias'®'* 22!, Metal-enriched zones simi-
lar to those in the upper few metres of the TAG active mound
have been observed close to the palaeo sulphide-seawater inter-

TAG1
(CEEFQG)

TAG2
(A,H,N)

TAG2
(B)

|
D Pyrite-anhydrite breccia D Chloritized basalt breccia I

D Basalt

715



LETTERS TO NATURE

FIG. 3 Examples of different rock types comprising the sub-
surface portion of the TAG active hydrothermal mound.
Scale bar in each photograph is divided in 1 cm intervals.
a, Red and grey siliceous material (sample 158-957J-1X-1,
piece 3) from 0.2 m.b.s.f. from the TAG-4 area. It consists
of massive iron oxide bearing silica (red colouration) sur-
rounded by grey quartz and chalcedony. The contacts
between red and grey siliceous zones are irregular, sharp
or gradational. Pyrite is rare in the red silica, but occurs as
fine-grained, disseminated euhedral grains and as collo-
form layers in the grey silica. b, Pyrite breccia (sample 158-
957F-1N-1, piece 10B from 1.4 m.b.s.f. from the TAG-1
area) composed of clasts of massive granular pyrite in a
porous, sandy pyrite matrix with minor anhydrite
(<10 vol.%). An angular chalcopyrite clast, similar in tex-
ture to the innermost, monomineralic chalcopyrite lining
the black-smoker chimneys'? is present. ¢, Pyrite—anhydrite
breccia (sample 158-957C-7N-3, piece 4A from 23 m.b.s.f.
from the TAG-1 area) is the principal sulphide type in the
anhydrite-rich zone. It consists of rounded clasts of massive
granular pyrite in a matrix of massive to semimassive
anhydrite with minor disseminated sulphides. With increas-
ing depth, siliceous clasts and quartz—pyrite clasts become
increasingly common as this rock type grades into a sili-
ceous pyrite—anhydrite breccia. The contact with the overly-
ing zone of anhydrite veins (which is at least 30 cm thick)
can be seen. This portion of the vein contains at least two,
and possibly three, generations of anhydrite veins. d, Por-
tion of the same anhydrite vein (sample 158-957C-7N-3,
piece 3) shown in ¢ and oriented in the same direction. It
consists of massive granular banded anhydrite with fine,
disseminated pyrite and/or chalcopyrite along the growth
bands. The 2-cm-wide, dark-grey band comprises a second
vein type that occurs locally within the large anhydrite vein.
It is composed of coarsely crystalline anhydrite with abund-
ant, uniformly disseminated pyrite and chalcopyrite. Late coarse-
grained, barren anhydrite replaces earlier massive banded anhydrite as
concentric zones around a late fracture. e, Pyrite-silica breccia (sample
158-957H-5N-1 piece 5A from 27 m.b.s.f. from the TAG-2 area) com-
posed of rounded clasts of pyrite in a matrix of very fine-grained quartz.
Clasts of siliceous wall rock (consisting of grey-to-white quartz plus
variable amounts of pyrite) are also present. f, Chloritized basalt breccia

face in volcanogenic massive sulphide deposits on land, and the
siliceous material is analogous to the red cherts (jasper) associ-
ated with many of the Cyprus-type deposits'®. The abundance
of breccia ores and sulphide conglomerates in the Cyprus depos-
its was previously explained as post-depositional weathering and
destruction of the mounds®®*>. The observations at TAG sug-
gest, however, that these breccias were probably formed at the
time of high-temperature venting and were initially cemented by

ISTF IN 1 108

158 957J 1X 1 3

158 957C 7N 3 3

158 957E 15R 1 4

158 957H 5N 1 5A

(sample 158-957E-14R-1, piece 10 from 102 m.b.s.f. from the TAG-1
area) consisting of grey basaltic fragments pervasively altered to
chlorite, a clay mineral (perhaps sericite), and/or quartz in a matrix of
dark-grey quartz and pyrite. Pyrite occurs as 1-4 mm wide zones and
chalcopyrite occurs as rims, on the margins of altered basaltic clasts.
Veins of pyrite, quartz and pyrite + quartz cross-cut the basaltic
fragments.

anhydrite. Anhydrite is now absent from the Cyprus deposits
because it dissolved soon after high-temperature hydrothermal
activity had ceased. Although the complex assemblage of brec-
cias partly confirms models of deposit growth deduced from the
study of Cyprus-type deposits, the importance of anhydrite in
this process had not been predicted, and would not have been
revealed without drilling an active sea-floor massive sulphide
deposit. O
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