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Abstract. We present a comprehensive account of tritium new application of tritiun®He dating is considerable. We
and®He in the Mediterranean Sea since the appearance of thénd mean transit times of 12 2 yr up to the Strait of Sicily,
tritium generated by the atmospheric nuclear-weapon test18+ 3yr up to the Tyrrhenian Sea, and 22 yr up into the
ing in the 1950s and early 1960s, based on essentially alVestern Mediterranean. Furthermore, we present full Eastern
available observations. Tritium in surface waters rose to 20-Mediterranean sections of terrigerilde and tritium3He age
30TU in 1964 (TU= 10'®x [3H]/[H]), a factor of about 100 in 1987, the latter one similarly showing an effect of the tran-
above the natural level, and thereafter declined 30-fold up tcsit time dispersion. We conclude that the available tritium and
2011. The decline was largely due to radioactive tritium de-3He data, particularly if combined with other tracer data, are
cay, which produced significant amounts of its stable daughuseful for constraining the subsurface circulation and mixing
ter3He. We present the scheme by which we separate the trief the Mediterranean Sea.
tiugenic part ofHe and the part due to release from the sea
floor (terrigenic part). We show that the tritiugenic compo-
nent can be quantified throughout the Mediterranean waters,
typically to a4 0.15 TU equivalent, mostly because the terri- 1 Introduction
genic part is low irPHe. This fact makes the Mediterranean
unique in offering a potential for the use of tritiugedlte as  3He, the rare isotope of helium (He; atmospheric ratio
a tracer. The transient distributions of the two tracers are il-[>Hel/[*He€laim = Ra = 1.384x107%; Clarke et al., 1976), is,
lustrated by a number of sections spanning the entire sea arat the ocean surface, essentially in solubility equilibrium with
relevant features of their distributions are noted. By 2011,its atmospheric concentration. In the ocean interior, however,
the 3He concentrations in the top few hundred metres hadconcentrations are generally higher, one cause b#iegad-
become low, in response to the decreasing tritium concentradition by decay of radioactive tritium (tritiugenitHe), the
tions combined with a flushing out by the general westwardother, release from the sea floor (terrigefiite). The tritiu-
drift of these waters. TritiunfHe ages in Levantine Inter- genic3He became prominent in the 1960s, when the atmo-
mediate Water (LIW) were obtained repeated in time at dif- spheric nuclear-weapon testing released huge amounts of tri-
ferent locations, defining transit times from the LIW source tium. Most of that tritium ended up in the ocean. The pre-
region east of Rhodes. The ages show an upward trend witdominant transfer mechanism is exchange of tritiated wa-
the time elapsed since the surface-water tritium maximumfer between the lower troposphere and the ocean surface
which arises because the repeated observations represent ifivapour exchange”, rate roughly three times the evapora-
creasingly slower moving parts of the full transit time spec- tion rate), and because this mechanism is virtually absent
trum of LIW. The transit time dispersion revealed by this over land masses, continental tritium concentrations are dis-
tinctly higher in comparison (Weiss and Roether, 1980). Due
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to the increasing continental influence, therefore, the tritiumcruise and to reconstruct the temporal evolution of the sub-
concentrations in the Mediterranean (Med) surface watersurface distributions of tritium and tritiugenfHe in the
rise eastward. By now, most of the nuclear-weapon tritiumMed at large over the entire period since nuclear weapon-
has decayed (> = 12.32yr; Lucas and Unterweger, 2000) produced tritium entered the environment.
while the resulting®He, being a stable nuclide, remained.
At the same time, the competing terrigefide is small be-
cause the terrigenic He has’He/*He ratio that is one or- 2 Turnover of Mediterranean waters
der of magnitude lower than in most other ocean regions
(Roether et al., 1998a). The explanation is that the Med’sThe Med circulation is driven by net evaporation, which in-
sub-floor lithosphere is characterised by high sediment loadluces salinity enhancement eastward, leading eventually to
above crust that is largely of continental type (Morelli, 1985); convection by way of the related density increase. The main
in both these compartments,decay of the natural decay se- product is the LIW (formation rate- 10° m3s~1). Deep-
ries is a source of purtHe. Using the isotopic ratio of ter- water source areas are for the EMed, classically, the Adri-
rigenic He, measured He isotope and neon (Ne) concentraatic Sea and a region south of France for the WMed (Millot
tions allow one to correct for the terrigeniele contribution  and Taupier-Letage, 2005). Newly formed Western Mediter-
(Roether et al., 1998a, 2001). The potential of using tritiumranean Deep Water (WMDW) spreads through the sea meet-
and3He data jointly is based on the fact that these two trac-ing little obstruction due to the quite uniform bathymetry
ers form a radioactive mother-daughter pair, which allowsthat extends east and south of the Baleares Islands. The
one to deduce ages, providing constraints on subsurface walassical Eastern Mediterranean Deep Water (EMDW) can
ter transport and mixing. This methodology was pioneeredsimilarly expand through the lonian Basin, but toward the
by W. Jenkins (e.g., Jenkins, 1980; 1987). He dealt primarilyLevantine, the Cretan Passage acts as a topographic bar-
with the North Atlantic subtropical gyre waters, which are rier, and the East Mediterranean Ridge (EMR) forms a sim-
replenished by surface water within at most a few decadesijar barrier between the southern Levantine and the Hellenic
so that terrigeniéHe hardly interferes. Trench that adjoins the Cretan Island Arc. From a study of
The most prominent water mass in the Med is the Lev-the chlorofluorocarbon-12 and tritium distributions in 1987,
antine Intermediate Water (LIW) formed in the northwest- Roether and Schlitzer (1991) deduced an EMDW formation
ern Levantine Sea east of the island of Rhodes. This waterate of about % 10° m3s~1, equivalent to a renewal period
mass expands westward at a few hundred metres in deptlof about 150 yr. Further analysis found that newly formed
overflows the Sicily Passage sills and eventually leaves th&EMDW expands as near-bottom water into the Levantine
Med through the Strait of Gibraltar (Wust, 1961). The loss Sea, where it rises up to a level of about 600 m and returns
is compensated by the inflow of Atlantic near-surface wa-westward (Roether et al., 1994). One should realise that all
ter of lower salinity. Superimposed are deep convective systhese flows are subject to dispersion, mostly of large scale,
tems, both in the WMed and the EMed, with LIW acting i.e., in the form of recirculations and split pathways. We show
as a preconditioning. Recently, however, these systems haveelow that the dispersion induces a drift in trititHe ages
been disturbed. In the EMed, deep water formation in theas a function of time since the period of the tritium input
1990s temporarily moved from the Adriatic to the Aegean maximum.
Sea (Roether et al., 2007), and in the WMed, the salinity While for a long time the system of shallow and deep con-
and temperature below about 1500 m were markedly raisedections seemed rather stable, in the mid-1990s there was
(Schroeder et al., 2010). The deep convective systems are@ massive outflow of unusually dense Aegean Sea waters,
closed by upwelling and thus take part in the overflow of which were preferentially added belew1500 m, lifting the
the Sicily and Gibraltar Straits. It follows that LIW and all residing waters upward and leading to a general salinity in-
deeper waters are subject to a general drift westward. crease of the subsurface waters. Although the deep-water
Tritiugenic®He appears suited to study that drift. The LIW formation went back to the Adriatic in about 2000 (Ru-
represents the principal entrance pathway of tritium into thebino and Hainbucher, 2007), the effecs of the event, the so-
subsurface waters. Transfer from the LIW formation area upcalled Eastern Mediterranean Transient (EMT; Roether et al.,
to Gibraltar exceeds 20yr (G& et al., 2013), long enough 2007), persist to date. The properties of the Western Mediter-
to allow the majority of the tritium to decay inttHe. Re-  ranean Deep Water (WMDW) have also changed distinctly
peated tracer surveys since 1987 have documented the mosince 2005 (denoted the Western Mediterranean Transition,
recent evolution of tritium and@He rather well, especially in  WMT), presumably under EMT influence (Schroeder et al.,
the EMed, while data prior to 1987 are more limited. The 2010). The newly added deep water raised the temperature
data of the 1987 EMed survey have been repeatedly evaland salinity of the WMDW below about 1500 m depth.
uated, partly in combination with other tracers (Roether and The overflow of the Sicily Channel consisting of LIW and
Schlitzer, 1991; Roether and Well, 2001; Roether et al., 1994waters below it (Cretan Intermediate Water (CIW; Schlitzer
1998a, b, 1999). The subject of the present work is to presengt al., 1991) formed in the southern Aegean Sea and up-
tritium and helium isotope data from the 20Mteor84/3 per EMDW (transitional EMDW, or tEMDW)) enters the
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Tyrrhenian Sea, where it mixes with resident waters. Partt 0.05 % over the Med’s ranges of temperature and salinity)
of the LIW component flows northward toward the Ligurian relative to the’He solubility equilibrium value.
Sea, and the remainder leaves southward through the Sar-
dinian Channel and continues adjoining the Sardinian slope.
The denser part of the overflow cascades downward at theé Separation of tritiugenic 3He and tritium- 3He dating
northern slope of Sicily (Sparnocchia et al., 1999), while
WMDW, intruding into the Tyrrhenian across the sill of the To isolate the tritiugenic portion GHe, we employ the two-
Sardinian Channel~1900m sill depth), forms the near- step procedure of Roether et al. (1998a, 2001), which was
bottom waters. The two components mix to form the Tyrrhe-then already applied to the data of the 198&teor cruise.
nian Deep Water (TDW), which leaves the sea through theBesidess3He data, the procedure uses concurrent values of
Sardinian Channel at depths between the components. Thide and Ne concentrations. Firstly, Ne, which has no sources
mechanism in effect lifts the intruding WMDW, enablingitto in the ocean interior, regularly shows an excess over the
become involved in the outflow through the Gibraltar Strait ocean-atmosphere solubility equilibrium values by a few per-
(Millot, 1999). The mixing became reinforced by the EMT cent (Well and Roether, 2003), which we write asN&ley
(Gasparini et al., 2005), in consequence of the enhanced derd + ane), Where Ne is the measured value and subscript 0
sity of the Sicily overflow waters. The EMT influence was here and in the following denotes the solubility equilibrium
also evident in a strong rise of tritiugenikle in the Tyrrhe-  value. The exces&e is due to forcing at the ocean surface,
nian Sea deep waters during 1987-2007 (Roether and Lupwhich generates a similar excess also for He, dyg ~ ane.
ton, 2011). But He is subject to the further effect of He released from the
ocean floor (terrigenic He), so that He =¢H@& +ape + tHe)-
We re-formulate Eq. (3) of Roether et al. (1998a, 2001) to
give the terrigenic He, expressed as a percentage of the solu-

3 Data and measurement bility equilibrium value He, as
The cruises that contribute tracer data are listed in Table 1, He Ne
- — — 0,
Mediterranean observations of tritium began in 1965, whileHe = <He0 Neo) x 100+ offset (%) @

those of3He were delayed up to the mid 1970s. Major
transient-tracer surveys in the EMed were carried out by thelThe offset accounts for systematic errors arising from the sol-
F.S.Meteor(cruises M5/6, 1987; M31/1, 1995; M44/4, 1999; ubility functions of He and Ne, from the He and Ne mea-
M51/2, 2001; and M84/3, 2011, for which tritum/helium surement calibration, and from inherent differences between
data are reported here). In the WMed there was a tritium surape andane. Except for cases of pronounced upwelling, ter-
vey in 1981, and surveys of both tracers in 1995 and 2011rigenic He can be assumed to vanish in the mixed layer.
Below we will mostly address subsets of the available dataWe therefore analysed the mixed-layer values (depth <20 m;
that are deemed adequate to characterise the tracer distribmore than 100 data points, some outliers excluded; solubil-
tions and their relevant features. The full datasets are, howities of Weiss (1971)) of th&leteorcruises 1987-2001 and
ever, available for future work. of Poseidon234 (Table 1, all measured at Bremen) using
Helium and Ne concentrations are reported in cc(STP)/kg(1) with rye = 0. The total range among the average offsets
and®He ass®He = (®Hel*He)/R, — 1 (R = atmospheric  obtained for the five cruises individually was only 0.15 %,
SHe/*He ratio). Concentrations are determined using highly which indicates a high consistency of the offset as such and
specialised noble-gas mass spectrometers withabOl8%  also of the He and Ne measurements. There was no positive
precision. The air-wateé3He solubility equilibrium value indication of upwelling effects, nor evidence of a temperature
is 83Hey = — 1.65%, varying by+0.1% over the range dependence of the offset, as the average for the winter cruise
of Med'’s temperatures (Benson and Krause, 1980). TritiumM31/1 absolutely fitted in with those of the other cruises.
concentrations are reported in tritium units (TU, 1 TU meansAveraged over the five cruises, the offset was —0.8 % and the
[3H]/[H] = 10~18). Up into the 1980s, tritium measurement standard error of individuale values+ 0.4 %. Note that the
used low-level gas counting following isotopic enrichment, offset has a different value when solubility functions other
with precisions of typically 5% otrt 0.08 TU, whichever than those of Weiss (1971) are used. In the following we use
is greater (Weiss et al., 1976). Later on, tritium was deter-an offset of—0.8+ 0.1 % and+ 0.4 % uncertainty for indi-
mined by measuring théHe grown in from tritium decay vidualzqe values.
(Clarke et al., 1976; Jean-Baptiste et al., 1992; Siiltenfu For3He, secondly, an offset relative to He corresponding
et al., 2009), which gives precisions better thar3% or  to that in Eq. (1) can be ignored, but one now faces two in-
+0.02 TU, whichever is greater. In dealing with tritiugenic terior ocean sources, i.e., of terrigenic and of tritiugéie
3He it is advantageous to convert its concentrations into TU (f3He, r), S0 that®He =3Hey (1+ 34+ r). The terrigenic
on the basis that 1 TU of decayed tritium raises thie 3He is the product of the terrigenic He and its isotopic ra-
concentration by 4.85% (Roether et al., 1998a; varying bytio R;. The tritiugenic®He, also expressed as a percentage of
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Table 1. Cruises contributing tritium and He isotope data for the present study.

Cruise or Project Dates Area Reference
Exped. Odysseus 85 Aug+ Oct 1965  WMed, Tyrrhenian, Aegean  Ostlund (1969)
Origny 1971+ 1972 Jul1971/Jul 1972  WMed unpubl. data
Meteor33¢ Feb. 1974 WMed Roether et al. (1992)
Maria Paolina GP Feb—Mar 1974 EMed Cortecci et al. (1979)
Chain121° May 1975 WMed unpubl. Data
Knorr 54/5 Apr 1976 WMed, O W Roether et al. (1992)
Bohra-Z Mar—April 1977 WMed, 42N, 4° 45 E Roether and Weiss (1980)
Meteor50/3 Nov-Dec 1978 WMed, EMed Roether et al. (1992)
Phycemed 981° Apr 1981 WMed Andrié and Merlivat (1988)
Phycemed 983 Oct 1983 WMed unpubl. data
Meteor5/6 Aug-Sep 1987 (WMed), EMed Roether et al. (2007)
Meteor31/1 Jan—Feb 1995 EMed "
Poseidor234 Oct—Nov 1997 WMed, Tyrrhenian. Rhein et al. (1999)
Meteor44/4 Apr—May 1999 EMed Roether et al. (2007)
Meteor51/2 Oct—Nov 2001 EMed ”
Meteor84/3 Apr 2011 WMed, EMed this work

a4 stations, near-surface tritium only.

b 2 stations.

€ Tritium only.

d Few stations fewHe data.
€ Repeated tritium, feWHe data.

f Tritium only.
9 3He only.
3Hep = (14 83Hep) Ra Hey, becomes The value from Eq. (2b) together with the concurrent tri-
tium concentration gives the tritiufHe age as
3
He &°He— §°Hep R _ Hawi | _
F=—— T2 T <1_ R_a> xthe (%)  (2a) T=t1.xIn{ 1+ Titom ) = 11/e (3)

H 83H
% (1+ 1080) r
n(l+————-—— ear

x <+4.85xtr|t|um> (vears

where §3Hey = —(1.65+0.1) % andR,/R = isotopic ra- wherery/, = radioactive mean life of tritium (17.8yr), and

tio of terrigenic He relative to the atmospheric ratio. For the both tritium and the tritiugeniéHe are in TU. To show that
EMed the isotopic ratio is 0.42 0.1 (Roether et al., 1998a), the tracer measurement errors generate only rather moderate
values in the Med elsewhere are addressed below (Sect. 7.23ge uncertainties, consider a typical value pair of 3 TU for

Using (1), Eg. (2a) converts into tritiugenic *He and 2 TU for tritium (see below), for which
(3) gives an age of about 16 yr. The expected uncertainty of
He &3He— 83Hep R combining those of3He, R, / Ra, HeHey minus NeNey, and
Fr=——X ———— ( - —) (2b) the standard error for individuglie values is about- 0.6 %
Hep (1+ 831'380) Ra

or 0.15TU absolute, or 5 % relative to 3TU, and the uncer-
He Ne tainty of tritium is & 3%. The uncertainty of the ratio be-
X [(% — @> x 100— 0.8} (%) comes aboutt 6 %, for which Eq. (3) gives an age uncer-
tainty of about 5%, or less than 1yr. For tritium concentra-
tions below about 0.5 TU, however, the relative uncertainty
The tritiugenic ®He thus depends on observed values ofof tritium, and hence also the age uncertainty, will be larger.
83He, He and Ne concentrations, and on temperature and Because in the mixed layer, one hi#tHe = §3Hey and
salinity to obtain the solubility equilibrium values. Divid- e = O (in the absence of strong upwelling), it follows from
ing r by 4.85+0.05%/TU one obtains the tritiugenttie Eq. (2) that the upper boundary condition for tritiide dat-
(®Heyi) in TU. The negative sign af®Hep and the low value  ing in the interior is- = 0 for ¢ = 0. It is useful to compare
of R;/R, raiser relative tos3He. A shift of about 1.7%  stable tritium (the sum of tritium and tritiugenitHe) be-
arises froms3Hep, and, in the LIW layer f3e ~ 3 %) for tween the interior location and the formation region at the
example, thene term adds 1.3 %, so that one has §3He deduced time of subduction (Fig. 1). The two values must
~ 3%, which corresponds to about 0.6 TU of tritiugettite. agree in the absence of mixing, so that any difference in the

Ocean Sci., 9, 837854, 2013 Www.ocean-sci.net/9/837/2013/



W. Roether et al.: Tritium and 3He in the Mediterranean Sea 841

; ; ; ; ; by the combined effects mentioned, the natural tritiugenic
: : i i i 3He becomes sufficiently small to be ignored.
-surface :

10 . i
5 Assessing the evolution of nuclear weapon-generated

tritium

The mixed layer concentrations of tritium are determined by
the interplay of tritium entering from the atmosphere and tri-
tium loss into the ocean interior. The resulting concentrations
must therefore be obtained using observations. The tempo-
ral evolution in the Eastern Mediterranean, 1952 to 2011, is
shown in Fig. 1 (for the numerical values see Appendix A).
For the period prior to the mid-1970s, we use values derived
for the North Atlantic (Dreisigacker and Roether, 1978), re-
calibrated to the Med using the observations of 1965 (ten-
tatively interpolated between the Tyrrhenian and the Aegean
‘ : : : : : Seas) and 1974 (Fig. 1). Thereafter, actual observations are
1960 1970 1980 1990 2000 2010 shown. The curves represent the situation south of Crete, i.e.,
year near to the LIW formation region. The concurrent tritium

Fig. 1. Tritium concentrations (TU) in the Mediterranean south of concentrations in newly formed LIW are virtually identical
Crete vs. time, 1952-2011, at the surface and at 800 m depth (seté) those at the surface (not shown). At 800 m depth, concen-

text). Year marks are 1st January. Typically averages of 3 stationdrations are a factor of 3 to4 smaller; that_ curve is to repre-
are shown (numerical values for surface water in Appendix A). Thesent the tEMDW that contributes, as mentioned above, to the

error bars represent one standard deviation of the apparent scattérestward outflow in the Sicily Channel. The EMT enhanced
between individual values, plus interpolation and estimated meathe exchange with deeper waters of lower tritium content,
surement errors. For the part up to 1974 the uncertainty should noinducing dips in the tritium concentration in the 1990s, pri-
exceed 20 %, while that of the pre-nuclear value of 1952 is probamarily in the 800 m curve.
bly somgwhat larger. For referenge, tritiqm decay is shown by the The 1952 surface-water value in Fig. 1 (0.3 TU) represents
ga;'%d I|rl;e. The mean concentration during 1952 to 2011 was abohe natyral tritium background (Dreisigacker and Roether,
' » about 20 times the natural one. 1978). In that year, an impressive 100-fold rise started cul-
minating in the mid-sixties, followed by a 30-fold decline up
to the year 2011. As mentioned, the elevated concentrations
stable tritium values reflects mixing effects or escapéHs are overwhelmingly due to the atmospheric nuclear-weapon
into the atmosphere at the air-water boundary. Other conseesting, and the decline was governed by transfer into the in-
quences of mixing will be that (a) the age will be biased to- terior waters early on, but later predominantly by radioac-
wards that of the components of the highest tritium 3ird tive decay. By 2011 the anthropogenic tritium in the mixed
concentrations, and that (b) mixing with waters from the pre-layer was reduced to as little as about twice the natural com-
nuclear period that contain tritiugeni¢ie while being old  ponent. Figure 1 demonstrates that, by now, generation of
enough to be free of tritium will enhance the ages, as dis-ritiugenic 3He has become small relative to the situation in
cussed next. the previous decades. The decline will presumably not quite
As shown in the following section, the pre-nuclear (prior reach the natural level, because smaller tritium sources, such
to 1952), i.e., natural surface-water tritium concentration isas nuclear-fuel processing and medical or technical uses of
about 0.3TU. Upon sinking below contact with the atmo- tritium, continue to be operative.
sphere, its decay gradually accumulatele. Eventually, af- Table 2 gives an overview of the temporal evolution of
ter long subsurface travel, a maximum of 0.3 TU equiva-tritium concentrations elsewhere in the Med in the form of
lent, orrpat= 1.5% (= 0.3 TUx 4.85 %/TU) can be reached. concentration ratios. For the EMed, the table presents ratios
Close to the sinking region the effect remains small, and theof the tritium concentrations near to the Entrance into Sicily
water may leave the system before the tritium conversionStrait (ESS in the table) in the LIW and at 800 m depth to
is complete. Furthermore, the generaféte suffers a loss  the corresponding values south of Crete (columns 2—3). Fur-
whenever contact with the atmosphere is resumed, such as thermore, ratios are shown between the WMed and EMed
deep-water formation. Since our evaluation below accountsurface waters (column 4). For the WMed, columns 56 list
for the tritium input function beginning in 1952, only the pre- ratios of tritium concentrations in LIW and at 800 m to sur-
1952 part ofrpatis a concern, which adds the period betweenface water values. One notes clear upward trends with time
1952 and sampling for leaving the system. We conclude thatin the LIW ratios between Sicily Strait and south of Crete

[any
o
=}

tritium conc. (TU)
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Table 2. Ratios of tritium concentrations between various water masses. Data sources see Table 1, EMed surface water values see Fig. 1
Free space if no available data. The LIW at the entrance into Sicily Strait (ESS) is represented by data near to 250 m and in the WMed in
450-500 m. The WMed/EMed surface water ratios for 1971-1972, 1981, and 1997 use EMed values of Fig. 1 interpolated in time between
observations.

Year LIW ESS to 800m ESS to Surface WMed WMed
source regioh 800mFig.1 WMed/EMed LIW/surface 800/surface

1965 0.62

1971-1972 0.62 0.27 0.14

1974 0.65 0.30 0.15

1975 0.36 0.20

1978 0.68 0.43 0.20

1981 0.70 0.39

1987 0.29 1.40

1995 0.66 1.20

1997 0.84 0.65 0.40

1999 0.83 1.38

2001 0.97 1.33

2011 1 1.23 0.75 0.79 0.65

2 Tritium concentrations in the source region are identical to surface values in Fig. 1, see text.

(approaching unity in 2011; column 2 of Table 2) and in the pears that their strong exchange with the EMed at large pre-
LIW and the 800 m to surface ratios in the WMed (by fac- vents this. In summary, the tritium concentrations for these
tors of about 2 (column 5) and 3 (column 6) between 1975source regions should agree with those of Fig. 1 within a fac-
and 2011). These trends reflect the fact that the subsurfacer of 1+ 0.15 on average.
tritium concentrations are subject to a time lag enforced by
the subsurface advection from their respective formation re-
gions. Consequently, the subsurface tritium concentration® Tracer distributions
increase, while the surface values decrease (Fig. 1). For the
WMed to EMed surface water ratios the increase is moreTO illustrate the temporal evolution of tritium in the EMEd,
Subt'e; after 1965 the ratios average 7a.06. The EMed F|gS 2 and 3 show the distributions of tritium for tive-
800 m ESS/Fig. 1 ratios (column 3) exceed unity (averagel€or cruises of 1987-2001 (Table 1) in the form of along-
ratio 1.3+ 0.1) because the ESS waters near to this depth rebasin (quasi-zonal) sections. The Fig. 2 values are decay-
ceive waters from the Adriatic. Such water largely proceedscorrected to the period of the first survey in September 1987.
toward the Levantine Sea, making the ESS region upstreamihe 1987 distribution is characterised by fairly high con-
of that south of Crete. Both these average ratios have appagentrations (>3 TU) down to several 100 m depth, reaching
ent uncertainties of about 10 %, which should also apply tosomewhat less deep in the Levantine and the deepest in mid-
the column 1 values, while the errors for LIW and 800 m in Section near to Crete. At greater depths one finds a strong
the WMed are possibly somewhat larger. Figure 1 and Ta£astward decrease from moderately high values toward the
ble 2 provide a basis for estimating tritium concentrations inMalta Escarpment, associated with the descending branch of
the Med’s top kilometre with a useful precision_ One should the thel’moha"ne CirCU|ati0n, to quite IOW ones in the eaSt,
note that not only the observations on which the ratios areith minimum values <0.2TU in the western Levantine. The
based contribute to the uncertainty, but partly also requiredl995 section reflects the downward transport of near-surface
interpolation in depth between available values. waters and the upwelling of deep waters (Klein et al., 1999)
Further source regions of subsurface EMed waterdmposed by the EMT. A reduction of tritium in, and a thin-
(EMDW, CIW, EMT-formed waters) are the southern parts of Ning of, the top layer is manifest, accompanied by a distinct
the Adriatic and Aegean Seas. The few tritium data availablritium rise further down. One notes enhanced tritium val-
for these regions yield scattering ratios, presumable becausées below about 1500 m in mid-section and the deep min-
the regions are rather small, water mass mixing and convecmum of 1987 in the east being largely filled in. By 1999,
tion vary with season, and the mixing recipes were affectecthe mid-section enhancement has vanished, giving way to a
by the EMT. However, we find little evidence for signifi- mid-depth minimum reaching all along the section. The sur-
cantly enhanced tritium concentrations relative to the EMedface layer has shrunk in depth somewhat more, with tritium
at large. While enhancement might arise from a Comparabbponcentrations being reduced relative to the 1995 survey. The

stronger effect of the land masses around these seas, it ag001 section is rather similar, except for a somewhat deeper-
reaching surface layer and the mid-depth minimum being
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Fig. 2. Tritium sections (TU) of theéMeteorcruises in 1987, 1995, 1999 and 2001 (cf. Table 1; for concentrations see colour bar and values

at isolines), decay-corrected to the date of the 1987 cruise (1 September 1987; the factors are 1.51 for M31/1, 1.92 for M44/4, and 2.20 for
M51/2). Numbers on top are station numbers, observations are indicated by dots, and the actual sections are shown in the inset maps. Isoline
by objective mapping.

M51 Tiitim [Tu] filled in further. In comparison with 1987, the mid-depth tri-
tium values are now distinctly higher and the minimum is
R o800 ) LG oD b kDoAY D D centered at shallower deptl (200 m vs~ 1800 in 1987).

T B~ | As mentioned, the Fig. 2 tritium values are decay-
corrected to 1987, in order to reveal the effects of the
EMT and of dispersion. To give a feel for the concentration
changes due to decay, Fig. 3 repeats the 2001 section with
the original data. While decay amounts to more than a factor
of 2, the tritium concentrations in the minimum layer, which
has moved toward the eastern end of the section, are about
twice those of 1987.

Figure 4 presents two sections in the WMed of e
seidon1997 cruise and Fig. 5 the WMed and EMed parts
of the Meteor section of 2011. The southefoseidonsec-

-

Depth [m]

DEtancoian] tion (Fig. 4, left) shows a steady decline from about 1.8 TU
Fig. 3. The 2001Meteortritium section with the decay correction at the surface to a weak minimum between 0.8 TU isolines
omitted. For the actual section and color bar, see Fig. 2. near to 1000 m and 1500 m depth. In particular the lower one

of these isolines sinks towards the Tyrrhenian, demonstrat-
ing that this sea feeds into the minimum layer and waters
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Fig. 4. Tritium sections (TU) oPoseidor234, 1997, left extended southern section, right northern curved section. Numbers on top are station
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Fig. 5. As Fig. 4, butMeteor84/3, 2011, left WMed, right EMed.

below it (see remark on TDW outflow in Sect. 2). At the  Some older tritium profiles (1971-1972) from the northern
northern section (Fig. 4, right), the deep-water tritium con- part of the WMed are shown in Fig. 6 in comparison with
centrations are slightly lower without revealing a connectionprofiles of 1981 and 1997. A drastic decrease between 1971—
toward the Tyrrhenian. In the 2011 WMed section (Fig. 5, 1972 and 1997 in the upper waters is revealed, in keeping
left), the deep-water structure is basically the same as irwith Fig. 1 and Table 2. Below 1000 m the temporal decrease
Fig. 4, left, including the connection toward the Tyrrhenian, is small; apparently, tritium decay is largely compensated by
with concentrations descending from 0.85 TU at the surfaceadmixture from waters further up.

and the minimum between 0.5 TU isolines near to 1000 and §3He sections concurrent with the tritium sections of Fig. 2
to 1600 m depth. The similarity between the two sectionsare presented in Fig. 7. Basic features are surface values close
holds despite the fact that the WMT added upper waters beto the solubility equilibriums3Hep, a maximum in the LIW

low about 1500 m in the period between the two surveys.layer, with the lowest values near to the LIW formation re-
(Schroeder et al., 2010). The EMed section of 2011 (Fig. 5,gion and the highest towards Sicily Strait (ESS region; 11 %),
right) has about 1 TU at the surface. The lowest tritium con-the latter extending below the classical LIW depth range.
centrations in its mid-depth minimum (center near to 1000 m)Further down there is a minimum layer, descending in depth
are similar to those in 20010.4 TU; Fig. 3) The highest and strongly decreasing #fHe toward the east, and still
concentrations in the deep waters@.7 TU) are found to- deeper one finds higher values concentrated toward the west-
ward the western end of the section, reduced by roughly 30 %ern end of the section, associated with the higher tritium con-
relative to 2001. This means that toward the east there is stiltentrations observed there. The mid-depth minimum layer
a tritium addition compensating decay, while in the west de-in the Levantine, descending eastward fron1800m to

cay predominates. 2000 m, showed an extended region with values bel@#8%.
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reaches into the Tyrrhenian Sea. Here one finds the highest
83He values in LIW and also in the deep waters. Upward
of the LIW, the values decrease strongly first and then more
gradually into the surface layer, which héfHe <0, while
below the LIW, the decrease is moderate, leading to 7.5 %
near to 1000 m. Fig. 8 (right) has somewhat higher values in
the LIW, and the 7.5 % isoline is found at somewhat greater
depths, about 1500 m in the east and 1100 in the more west-
® POSEIDON-97 ern part of the section. We ascribe the structure to the effect
of the Tyrrhenian Sea (cf. Sect. 2).

Figure 9 gives the twé3He sections of 2011 in correspon-
dence to Fig. 5. Inthe WMed (Fig. 9, left) a striking feature is
that, in contrast to 1997, th¥He maximum in LIW is lost,
and instead, a maximum appears between 700 and 1200 m
depth. Like in Fig. 8, the highest values are found at stations
located in the Tyrrhenian Sea. Further down the values are
slightly lower than in Fig. 8, possibly due to upper-water ad-
dition by the WMT. Also in the EMed part (Fig. 9, right)
there is no longer a maximum in the LIW layer. Further down
there is still as®He minimum in the east, but the value (<2 %)
has become significantly larger than in 2001 (cf. Fig. 7). Be-

-2500 T T T T T T T T low the minimum, one finds isolines rising westward, with
0 2 4 6 8 10 12 14 16 18 the levels increasing from 2% to 3% in the east to 4 % to
Tritium (TU) 5% toward the Malta Escarpment.
Figure 10, finally, presents WMetfHe profiles of 1983,
Fig. 6. Tritium profiles in 1971-1972, 1981 and 1997 in the WMed, which consistently show maxima in the LIW layer. The high-
for positions see inset map. est value of about 16 % is observed at Sta. SRS in the Sar-
dinian Channel, which exceeds the concurrent value at the
upstream Sta. BAOR located in the EMed off the Malta
Such values are significantly beld®#Hey, demonstratingthe  Escarpment, and in fact, is the largest in all our datasets.
presence of terrigenic He of lodHe content (Roether etal., One further notes that, especially at the northern stations,
1998a), as similarly observed in EMed brine basins (Winck-the $3He maximum partly occurs at a lower depth than usu-
ler et al., 1997; Charlou et al., 2003). ally ascribed to LIW in the WMed (i.e5- 200 m instead of

By 1995, thes3He values in LIW were significantly re- 500 m).
duced, to 8% in the ESS region, about 3% in the east, and Lastly, we have a few earl§?He and tritium values in the
0%-—1% at the LIW level in the formation region. The mid- WMed from cruises in 1976 and 1977 (Table 1), which are
depth minimum in the east now displayed values betweerfar closer in time to the surface tritium maximum (Fig. 1) but
—1% and—2%, i.e., close t&33Hep, so that the definitive have only survived in graphical form (Roether and Weiss,
evidence of théHe-poor terrigenic He is lost. The centre of 1980; Roether et al., 1992). These data are addressed in
the minimum layer was displaced upward to 1800-1400 m.Sect. 7.3.

The maximum deep value in the west was near to 5% and

found above the bottom. In 1999, the LIW ESS value was

7 %, and was about 0 % near to the formation region and lesg Discussion

than 2 % in the east. The mid-depth minimum layer, now cen-

tred in 1600—1300 m depth, showed values between 0% and.1 Features of the tracer distributions

—1% in the east, and the maximum deep value in the west

was similar to 1995. In 2001 the LIW ESS value was at mostThe 1987 distributions of tritium and®He in the EMed
5%, that in the formation region below 0%, and that in the (Figs. 2 and 7) represent the pre-EMT situation. They re-
east 2 %-3 %. The minimum had risen in depth further, rang-lect the classical thermohaline cells of the LIW in the up-
ing between 1200 m and 1000 m. The maximum deep valugoer waters and of the EMDW at greater depths. The LIW
in the west had become slightly larger, i.e., 5% to 6 %. layer is characterised by lod?He the closest to the forma-

Figure 8 showss®He in the WMed at the twdPosei-  tion area east of Rhodes, rising strongly westward, where the
donsections corresponding to Fig. 4. They reveal maximumvalues reach up to 11% just upstream of the entrance into
§3He-values of 9% to 10 % in the LIW layer centred near to Sicily Strait (ESS region); the high values extend downward
500 m depth. The southern, quasi-zonal section (Fig. 8, leftfo about 800 m depth, which we ascribe to presence of Cretan

@® ORIGNY-71
@® ORIGNY-72

KR

o

o

o
|

Depth (m)

WWWw.ocean-sci.net/9/837/2013/ Ocean Sci., 9, 8834, 2013



846 W. Roether et al.: Tritium and 3He in the Mediterranean Sea

Delta-He3 [%] M5 September 1987 Delta-3He [%] M44 April 1999
& R D LSS
0 ==

E E

Z < -2000

= j<%

g 2
-3000
-4000

1000 0 500 1000 1500
Distance [km] Distance [km]
Delta-3He [%] M31 January 1995 Delta-3He [%] M51 October 2001

(gb::'

Depth [m]
Depth [m]

0 500 1000 1500
Distance [km]

Fig. 7. Same as Fig. 2 but®He sections (%). Note that in 1987 the deep waters in the Levantine Sea were largely below the solubility
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Fig. 8. WMed §3He sections (%) oPoseidor234, 1997, extended southern section left, northern curved section right. Numbers on top are
station numbers, sections cf. inset maps.

Intermediate Water (CIW) that adjoined the LIW from be- stricted expansion of LIW in that direction. The spreading of
low (Schlitzer et al., 1991; Roether et al., 1999). The smallerthe EMDW along the western slope of the lonian Sea, fol-
rise in53He eastward of the formation region indicates a re-lowed by a slow, near-bottom transfer eastward across the
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lonian and into the Levantine and closure of the EMDW depth waters that was felt up into the photic zone (Klein et
circulation by upwelling (Roether et al., 1994; Roether andal., 1999). By expanding eastward, the newly added near-
Well, 2001), is visualised impressively in the distributions of bottom waters displaced the residing waters upward (accom-
both tracers: the concentrations strongly decrease eastwaphnied by mixing). This is demonstrated in the rise of the
forming mid-depth tracer minima, in which the lowest tri- mid-depth minima from about 1800 m in 1987 (Figs. 2 and
tium ands®He values of our entire data set are found. A spe-7) to 1000 m by 2011 (Figs. 5 and 9, right), accompanied by
cial feature iss®He values below the equilibrium with the increasing tracer concentrations due to vertical mixing. One
atmosphere, from which the mentioned low isotopic ratio of consequence was that in particular the tritium distribution in
terrigenic He R;, Sect. 4) in the EMed has been deduced 2011 was far smoother than in 1987. Because the formation
(Roether et al., 1998a). of the dense Aegean waters involved upper waters and was
The subsequent observations up to 2001 (Figs. 2 and 73ubject to ventilation, the EMT had, in contrast to tritium,
document the severe impact of the EMT, which transferredbut a small impact on the averagéHe in the deep waters.
large amounts of tritium-rich upper waters into the deepFurthermore, théHe ingrowth from tritium decay gradu-
waters, with highest contributions toward the bottom andally became small because of the decreasing tritium concen-
south of Crete, and induced a lifting of the deep and mid-trations, which eventually mad®He a rather conservative
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tracer. In consequence, théHe in the LIW layer decreased 7.2 Terrigenic 3He
after 1987 (Fig. 7), primarily as a result of flushing of the
layer by the westward flow. By 2011, tRéle-depleted re-  While the concentrations of terrigenic He can be obtained
gion reached down to approximately 1200 m over the eastfrom Eq. (1) rather accurately, the critical part in applying
ern half of the section (Fig. 9, right), while further down and tritium-3He dating is the isotopic ratio of the terrigenic He.
further westward, thé3He values remained similar to those As mentioned, a definite value (0.420.1) x R, is available
found earlier. The depletion 6fHe testifies to displacement only for the EMed (cf. Sect. 4). For the WMed, geological
by upwelling that fed into the westward return flow, to be similarity indicates a low isotopic ratio also there. On the
eventually transferred into the WMed. other hand, both the Tyrrhenian and Aegean Seas are regions
The tritium concentrations in the WMed were distinctly of geodynamic activity so that mantle-derived He with a far
less structured than those in the EMed, with the isolineshigher isotopic ratio might interfere. We show in the follow-
being more level. In 1997 (Fig. 4), one finds a moderateing that such input is of minor relevance.
minimum centered in roughly 1500 m depth, indicating that For the Aegean, we inspected values @f, non-
newly formed WMDW was preferentially added below that atmosphericHe (tritiugenic+ terrigenic), and age for (a)
minimum. In the Tyrrhenian at the eastern end of the souththe pre-EMTMeteorcruise M5/6 (1987) and (b) the cruise
ern section (Fig. 4, left), the minimum reached deeper andollowing the Aegean outflow maximum (M31/1, 1995) in
the values were the lowest. In 2011 (Fig. 5, left) the minimumthe Cretan Sea (southern Aegean). For 1987 sihealues
was found at a somewhat shallower depth, presumably in rewere the highest in the depressions in the east of the sea (up
sponse to the WMT. to 7% >2000 m) and low at LIW depths-(1%), reflecting
The §3He sections of 1997 (Fig. 8) show distinct maxima slow renewal in the depressions and denying a significant
in the LIW, with values only moderately less than found in impact of local terrigeniéHe sources at LIW depths. By
the ESS region in 1987 and rather higher than the ESS value$995, in contrast, the depressions had been flushed due to the
in 1995, which is due to continued tritium decay on the way. enhanced water density during the peak outflow (Roether et
Further down, the values decrease with depth rather gradual., 2007), reducing theigie to 1% or less. At LIW depths,
ally. In the Tyrrhenian Sea (Fig. 8, left) higher values were rye had increased to about 4%, which must be due to the
observed, which is opposite to the situation for tritium. Our EMT-induced upwelling outside of the Aegean, which also
interpretation is that water turnover in the Tyrrhenian is suf- explains the relatively high age ef 12 yr (using the EMed
ficiently slow to support significant tritium decay afHe R;/ R4 0f 0.42). The terrigenic He rati®, might actually be
ingrowth. In 2011 (Fig. 9, left), a mid-dep#¥He maximum  higher than that value but must be less thafiR.= 2, be-
and the effect of the Tyrrhenian are still present. However,cause that value would imply the unrealistic result of vanish-
the §2He maximum is now below that of salinity, i.e., be- ing tritiugenic3He. The EMT-related Aegean peak outflow
low the centre of the LIW; also this feature is opposite to was concentrated between roughly 600 and 1000 m depth
the corresponding one for tritium. Presumably, these some(Roether et al., 2007), where the values of 1995 are be-
what deeper waters travel slower allowing more time for tri- low 2 %. We conclude that the EMT-related outflow hardly
tium decay, while in new inflow via Sicily Strait, which is the added any significant amounts of extra terrigetite into
principal source of LIW in the west, téHe values have be- the EMed at large, while inside the Cretan Sea an elevated
come low (Fig. 9, right). Further west, the LIW layer values R;/Rjratio, at most about unity, might be indicated.
in both years gradually decrease westward. In the Tyrrhenian, Lupton et al. (2011) foursdHe ele-
The WMeds3He profiles of 1983 (Fig. 10) give additional vated up to 20% (but mostly less) above submarine vents
information. Most importantly, Sta. SRS near to the south-along the Aeolian Arc (southern Tyrrhenian Sea) between
ern entrance of the Tyrrhenian at LIW depths has a value 0200 and 800 m depth. Away from the vents, however, values
16 %, which is the highest value that we found anywhere inonly slightly above background (by at most 1 %) were ob-
the Med. This certainly reflects the fact that 1983 is, consid-served, excluding a substantial impact on the terrigéifi.
ering also the transit time from the LIW source region (seeA significant effect was also denied by Roether and Lupton
Sect. 7.3), distinctly closer to the tritium maximum in sur- (2011) noting conformity of Tyrrhenian values at LIW depths
face waters in the mid-1960s (Fig. 1) than is the case for thethe range that would be affected most by the hydrothermal
later tracer surveys. In all years for which we have observaHe) with values just upstream of the Sicily Channel. Fol-
tions (1983, 1997, 2011), the WMédHe values inthe LIW  lowing these authors, we allow for a small effect, i.e., use
layer consistently decreased westward. Because there is n,/R; = 1 in the Tyrrhenian Sea. For a typicgk value of
indication of the 1983 peak moving further downstream, i.e.,3 %, this ratio lowers the tritiugentiHe by 0.4 TU compared
westward, it appears that the LIW flow is subject to strongto using the EMed value of 0.42.
along-flow, or transit time, dispersion. A transition between the Tyrrhenian Sea and the WMed
with e Values decreasing westward is found in the observa-
tions of Poseidon234 in 1997. At that time the Tyrrhenian
was subject to a strong EMT impact (Roether and Lupton
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estimate at- 10 %. The earliest observations are from 1976
near to the entrance into the Alboran Sea, and 1977 in the
WMDW formation region. Table 3 summarises the input data
(columns 2 and 3), the resulting terrigenic He, its isotopic ra-
tio, and the resulting tritiugeniéHe and age. Column (8)
gives the ratios of stable tritium (tritiumt tritiugenic 3He)
between (a) the interior location at the time of observation
and (b) at the surface in the formation area (Fig. 1, Table 2)
T years back in time. The latter value is often denoted by
“initial tritium” since there is no tritiugeniéHe to contribute
(r =0, see above). All ages show a trend of increasing values
30 with the calendar time of observation and also with distance
2 from the source region.
An exception is low ages for the WMed 1976/77 obser-
14 vations, which is particularly surprising for thénorr sta-
10 tion located in the far west of the Med. The explanation is
that 1976/77 was that close to the surface tritium maximum
- that only the fastest travelling LIW carried tritium-rich water
from near to the surface-water tritium peak 1965, Fig. 1),
while tritium in the slower travelling parts was still of the
o 500 1000 1500 2000 lower pre-peak level, which is supported by the ages obtained
Distance [km] from the later observations of no less than 20 yr. Additional
support is that the initial tritium values for the 1976/77 obser-
values(A) and tritium3He age B; years) in the EMed for cruise vations (V 117TV) are. typical of near-peak values. Because
M5/6, 1987; for track see Fig. 7. Station numbers at top of figure, (€ @ges in a water mixture are biased toward the components
dots indicate data points. with the highest tracer concentrations, it follows that in this
case the ages refer preferentially to the fast travelling compo-
nent. One must conclude that the LIW flow up to the WMed

2011), while the WMed proper was still but moderately af- is subject to a transit time dispersion from the source region
fected. Near to the southern Tyrrhenian outlet (the SardiniarPn the order of the age difference fast LIW versus bulk, i.e.,
Channel), maximumye values of about 3.5 % are found be- roughly 10yr.

tween 500 and 1500 m depth, compatible with values in the For the later observations the upward age trend continues
deeper waters overflowing the Strait of Sicily sills (Roether but apparently at a distinctly smaller rate (Table 3). We as-
and Lupton, 2011; see also F|g 11 be|ow)_ At greater depths(,:rlbe this to the fact that the dlspersmg LIW flow no Ionger
the decreases to meet the WMDW value-ofl % at 3500m.  covers substantial contributions of pre-peak surface waters,
West of the transition zone, the values decrease to less tha#P that the ages over the range of the dispersion combine
2% in the LIW layer (around 500m) and to 1% below to a more realistic mean age. The LIW ages are further-
1000 m. The latter value is distinctly less than in the Sicily more affected by vertical mixing: Begau@de forms a max-
Strait overflow waters, indicating that in the WMDW for- imum in LIW while tritium monotonically declines down-
mation a substantial fraction of terrigenic He gets lost, with ward through the LIW layer (see the tracer sections above),
little compensation by new input from the sea floor. Thus, any vertical mixing lowers théHe/tritium ratio, which re-

it appears that in the WMed much of its terrigenic He is duces the age. Also this effect was largest early on when the
imported from the EMed so that it appears safe to assum#ertical gradients must have been distinctly higher than later.
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Fig. 11. Terrigenic He in percent of the He solubility equilibrium

R;/Ra=0.42 also here. We believe that for the later observations this effect is sec-
ondary, considering that vertical mixing in the ocean is gen-
7.3 Tritium- 2 He dating erally rather small. We note that the particularly large age in-

crease in the ESS region between 1995 and 1999 is ascribed
Tritium-3He agesr are obtained using Eq. (3) with input to contributions of older water that was uplifted during the
from Eq. (2b), with an upper boundary condition of vanish- EMT peak Aegean outflow. At the time of the 1995 cruise,
ing tritiugenic3He in the mixed layer{= 0 for+ = 0). Our  that peak had ended but in the ESS area the impact was still
first example is ages in LIW at various locations and in differ- present (Roether et al., 1996).
ent years, which represent transit times from the LIW forma- The stable tritium ratios in Table 3 mostly decrease in
tion region. We averaged the input data over the LIW layertime and also with distance from the LIW source. The
according to the LIW salinity signals. The data resolve thecause is mixing with waters of lower tritium 8He content,
LIW only coarsely, which leads to an age uncertainty that wewhich gradually reduces the stable tritium in the interior. An
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Table 3. Tritium-3He ages (yr) in LIW at various locations in different years. The tritium &fide values are averaged over the LIW layer.
For the EES region, just upstream of Sicily Strait, values between about 200 and 600 m are used to include the CIW, further west the range
is about 400 to 600 m. For the stable tritium ratio, see text. The initial tritium values are given by the sum of the (2) and (6) values, divided

by (8).

Location and year Obs. Obs. Terrig.Rt/Ra Tritiug. Tritium-  Stable

triium  §3He He 3He 3He tritium
(TV) (%) (%) (TUR age ratio

(1) (2 (3) (4) (5) (6) (7) (8)

ESS region 1987 3.4 9.5 2.3 0.42 2.7 11 0.66

M5/6, Sta. 779

ESS region 1995 2.1 6.7 2.1 0.42 2.1 12 0.62

M31/1, Sta. 8

ESS region 1999 1.2 5.4 2.0 0.42 2.0 17 0.5

M44/4, Sta. 305

Tyrrh. Sea, 1987 1.92 12.1 2.2 1 3.0 17 0.65

M5/6, Sta. 786

Tyrrh. Sea 1997 1.2 7.8 3.6 1 2.5 19 0.49

Poseid.234, Sta 764

WMed 1978 2.1 3.8 1.7 0.42 1.5 9.5 0.34

Knorr 54/5 Sta. 727

WMed, 1977 3.1 5.5 1.7 0.42 1.8 8.0 0.41

Bohra2

WMed 1988 21 157 20 0.8 4.5 20 0.55

Phycemed, Sta. SRS

WMed center 1997 1.2 9.4 1.7 0.42 2.6 21 0.42

Poseid 234, Sta. 736

WMed center 2014 0.62 6.7 1.7 0.42 1.9 25 0.28

M84/3, Sta. 323

a Conversion 4.85 % Tul.

b 37° N 0° W, April 1976;53He and tritium: Roether and Weiss 1980, columns (4) ané<(3p97 values.

€42° N 4° 45 E, 30 March and 3 April 197%3He: Roether and Weiss (1980); tritium: Roether et al. (1992); columns (4)
and (5)= 1997 values.

d Close to southern exit of Tyrrhenian Sea; column (2) estimated from Fig. 1/Table 2; column (1) and sampling location cf.
Fig. 10, columns (4) and (5) interpolated values.

€ Columns (4) and (5% 1997 values.

exception is low values early on (see the 1976/77 values in Our other example is sections of terrigeflde and age
Table 3) when the (relative) tracer gradients were still par-in the EMed for 1987 (Fig. 11) along the section shown in
ticularly high. We note in passing that the WMEdorr and Fig. 2. The distribution of the former parameter is virtually
Borha-2cruises of 1976 and 1977 show unrealistically low an inverted mirror image of th##He minimum in the corre-
ages not only in the LIW (Table 3) but also at greater depthssponding section in Fig. 7. The highest value, 8 %, is found
At 800 m and 2000 m, the ages amount to 12.5 and 14 yr (statoward the bottom in the east of the section. The LIW layer
ble tritium ratios 0.1 and 0.34), respectively, for taorr has about 2 %, th&*He minimum layer 5% to 8 % and the
data, and foBorha2 to 10.5 and 13 yr (stable tritium ratios waters further down in the west 4 % to 6 %. The age section
0.14 and 0.09). The rather low stable tritium ratios indicatedisplays a mid-depth maximum extending over most of the
particularly strong mixing since formation. section. At the eastern end, the ages decrease again, which
To obtain average transit times in view of these findings,is due to rising tritium values (Fig. 2). Rather low ages are
we selected ages for which the related mean formation timdound in the deep waters at the western end of the section,
is at least a decade after the surface-water tritium maximumreflecting the input from the Adriatic Sea. The low ages in
when also the ages no longer change much. We concludethe upper waters reach the deepest at Sta. 756 south of Crete.
that realistic mean LIW transit times are 2 yr at the en-  That water has been reported to originate from the Aegean
trance into the Strait of Sicily, 1& 3yr in the Tyrrhenian, on the basis of a multi-parameter water analysis (Schlitzer et
and 22+ 4 yr in the WMed. These ages are quite compatibleal, 1991), which is well compatible with the low ages. The
with values obtained in a very different way (delayed corre-feature might represent a precursor of the EMT, which be-
lation of salinity extrema) by Gacic et al. (2013). gan in about 1990 (Roether et al., 2007). We note that all
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mixed-layer ages are close to zero, supporting our determigrowth over the 10 year period will thus be smaller than the
nation of tritiugenic®He using Eq. (2). current concentrations of tritiugenttie. Therefore, a new
That the ages in Fig. 11 hardly exceed 24 yr even in thetracer survey around the year 2020 is desirable, which would
EMDW is again a matter of transit time dispersion, consider-demonstrate the further westward transfer of the Med’s sub-
ing that 24 yr prior to 1987 point to 1963, i.e., shortly prior to surface cloud ofHe, an information that could hardly be ob-
the surface-water tritium maximum. The 24 yr is the age oftained otherwise. Such a survey would allow one to deduce
the youngest contribution to the EMDW, which makes it well the time scales of the westward transfer, including the loss
compatible with the turnover time of the deep waters of moreinto the Atlantic by the Strait of Gibraltar outflow.
than 100yr (Roether and Schlitzer, 1991). Note that even if We quantified tritiugenic and terrigenitHe with a use-
one would wait long enough for the deep waters in questiorful precision over the entire water column of the Med (a by-
to approach a steady state of tracer input, tritium decay angbroduct is terrigenic He), using observationsséfle and of
tracer loss by water leaving the system we would still not ob-He and Ne concentrations. This achievement depends on the
tain an age near to the turnover time. The fact is that suclparticularly low3He content of terrigenic He and on tritium
a turnover time is defined as the ratio of the volume of aconcentrations high enough to allow precise measurement.
well-mixed box divided by the annual flux through that box: The resulting dataset of tritium and tritiugerfide is useful
Assuming the water inpub to be free of tritiugeniéHe, the  to study the circulation and mixing of the Med. One tool is
balance at equilibrium i€ x ® = V x Citium/t1/¢, SO that tritium-3He dating, which we applied in the LIW at different
the 3He/tritium ratio amounts tawrn/t1/.. Converting that  locations and repeated in time. We find trends of increasing
into a tritium-=He age (Eq. 3) one finds that the tritiuthie age with the calendar year of observation, which we ascribe
age is far smaller than the turnover time, but related to it into transit time dispersion of the LIW flow. We deduce av-
a defined way, i.e., age 1/, x In(14 twum/t1/e)- erage LIW transit times (between 12 and 22 yr), which are
Both these examples show that the ages need to be intecompatible with other estimates. As a further application we
preted with care. A basic problem is that tritivtHe dating  present detailed, quasi-zonal sections through the EMed of
virtually cannot account for any age bias caused by mixing.tritium-3He age and terrigenic He for 1987. The highest ages
It appears from this study that the main effect arises fromin the East Mediterranean Deep Water (EMDW) are approx-
large-scale flow dispersion, but preferential gain or loss forimately 24 yr, far lower than the turnover time of this water
either tritium or tritiugenicHe by vertical mixing may con- mass { 100 yr; Roether and Schlitzer, 1991). The tracer age
tribute. A further point is that long turnover times mean that largely represents the portion of the deep water formed in the
the deep water still contains water that was formed duringvicinity of the tritium peak in the mid-1960 and thereafter,
the pre-nuclear period (Fig. 1). It was shown above that thewhich is again a manifestation of transit time dispersion. The
contribution should be small (Sect. 4), and the ages, furtherLIW ages in the first application are realistic, while those in
more, hardly account for such pre-nuclear contributions bethe second application (EMed) represent more recent water
cause the tritiun?He ages are biased toward contributions of renewal only. This demonstrates that tritichide ages have
higher tracer concentration. to be interpreted with care, basically because they place a
higher weight on water components of higher tracer concen-
trations and ignore mixing. As Schneider et al. (2013) state,
8 Conclusions tracer ages such as the tritiuthle age are often only prox-
ies of age, while they do contain useful information. These
The tritium andés3He sections presented above visualise authors show that the concept of Transit Time Distributions
many features of the subsurface circulation and mixing of the(TTDs) (Hall and Plumb, 1994) is generally superior to using
Med. Examples are the eastward expansion and upwelling ofracer ages. The pointis that, in contrast to the tracer ages, the
the EMDW, the spreading of the LIW with a strong disper- TTD approach explicitly accounts for mixing.
sion along its flow, and the tremendous impact of the EMT, Evaluation using the TTD concept is thus a way to pro-
such as in the upward water displacement of deep water iteed. CFC-12 data exist for all cruises since 1987, so that
the Levantine Sea. An important feature is the recent deplethree transient tracers are available, i.e., tritium, tritiugenic
tion in tritiugenic®He in the top 1500 m of the Levantine Sea 3He, and CFC-12 (for the 2011 cruise even SF6 addition-
and in the LIW throughout the Med (Fig. 9). The depletion ally; cf. Schneider et al., 2013). The concept splits the actual
is caused by westward transfer of the residing waters, whilgracer concentrations in the interior into yearly contributions
in the waters replacing them the generation of féle has  of their formation back in time, which defines tritium decay
become small due to low tritium concentrations. By now, theand thus alsGHe ingrowth. The tracers have very different
Med’s subsurface tritium concentrations range between 0.4nput functions, and the observations repeated in time give
and 0.7 TU (Fig. 5), so that thtHe ingrowth over the next additional constraints, so that a detailed treatment should be
10 yr willamountto 0.2 t0 0.3 TU, or only 1 to 1.5 %drHe. possible. Itis true that the uncertainty of the input function of
The currents®He values range between 4 % and 8 % excepttritium is higher than that of CFC-12. However, we believe
in the mentioned depletion zone in the Levantine. New in-that the uncertainty arising from data gaps in space and time
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Table Al. Surface-water tritium values 1952—-1974. Time is given Table A2. Surface water tritium values 1965-2011. Years as in Ta-
in fraction of a full year, i.e., 1952.5 is mid-1952. These are the ble A1, errors are standard error.
original Dreisigacker and Roether (1978) data, for calibration to the

northwestern Levantine Sea, the values have to be multiplied by Year Tritium concentration (TU)

1.61. 1965.7 294
Year Tritium concentration (TU) 1974.7 10.05-0.8

1978.7 9.5t1

1952.5 0.2 1987.7 3.73:0.6
1953.5 0.3 1995.1 22104
1954.5 0.8 1999.4 1.69:0.07
1955.5 1.2 2001.7 1.62-0.05
1956.5 1.2 2011.4 1.05:0.05
1957.5 1.3
1958.5 2.2
1328:2 gz tions of both tracers in 2o 6C° N. The fine structure shown
1961.5 29 for this part is therefore realistic. The further values, listed in
1962.5 4.4 Table A2, are averages of surface water values in or near to
1963.5 11.7 the northwestern Levantine Sea from the cruises listed in Ta-
1964.5 17.4 ble 1. Their errors account for the scatter in, or interpolation
1965.5 16.9 error between, the data from which the actual values were
1966.5 14.8 computed. The two earliest values in Table A2 (1965, 1974)
1967.5 12.7 serve to recalibrate the Dreisigacker and Roether (1978) val-
1968.5 10.9 ues to the northwestern Levantine. Their individual errors re-
1969.5 9.8 sult in a formal uncertainty of the calibration factor (1.61) of
1970.5 9.0 . . .
10715 8.5 about 7 %. The true uncertainty is certainly larger but should
19725 79 not exceed 20 %, except possibly for the pre-nuclear value
19735 74 of 1952. To obtain the curve in Fig. 1, the values listed here
1974.5 7.0 were connected by straight lines (semi-logarithmic plot!).
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Appendix A

The data basis for the surface water part of Fig. 1.

The part up to 1974 is listed in Table Al. It goes back to
Dreisigacker and Roether (1978), who obtained their set us-
ing a zero-order mixing model of the upper waters of the
North Atlantic forced by the rather well defined tropospheric
histories of tritium and°Sr, with a few free parameters that
were adjusted using North Atlantic surface water observa-
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