
Abstract. This study is pa r t  of the TOPOGULF 
program, i n  which t r ace r  measurements were 
closely associated with the hydrological data. 
The sampled area w a s  located near the Azores 
Islands on the both s ides  of the Mid-Atlantic 
Ridge. The tritium content of the surface waters 
reveals a strong f ron t  along the Azores current. 
The 3He  d i s t r ibu t ions  are used t o  ident i fy  some 
areas where vent i la t ion processes are active.  A t  
depth, the s p a t i a l  d i s t r ibu t ion  of tritium is 
studied along isopycnals. In  the thermocline it 
is e s sen t i a l ly  the anticyclonic gyre which is 
responsible fo r  the northeast-southwest gradient 
i n  tritium concentrations. The respective influ- 
ences of the Labrador Sea Water and the Mediter- 
ranean Water a re  noticeable through the tritium 
data. The Mediterranean Water seems t o  be an end 
member responsible f o r  a decrease of the tritium 
contents i n  the north and f o r  an increase i n  the 
south. by mixing. A quant i ta t ive approach using a 
mixing model is used t o  check the va l id i ty  of the 
3He-3H "age." The model leads to two extreme 
values of the time scales f o r  the middepth circu- 
l a t i o n  i n  the studied area: 35 years fo r  the 
vent i la t ion time of the Labrador Sea Water and 
around 200 years f o r  the residence time of the 
oldest  waters i n  the southeastern area. 

Introduction 

Previous s tudies  of the chemical and t ransient  
t r ace r  dis t r ibut ions i n  thermoclinal and middepth 
North Atlantic waters have shown tha t  transport  
i n to  the subtropical anticyclonic gyre is essen- 
t i a l l y  governed by isopycnal processes [Sarmiento 
e t  a l . ,  1982; Jenkins, 1982: Kawase and 
Sarmiento, 1985, 19861. The simultaneous use of 
tritium and its radioactive daughter 3He  is 
par t icular ly  sui ted t o  the study of the water 
mass transport  and the vent i la t ion processes and 
t o  deduction of i n t e r i o r  ocean t r ave l  times 
[Jenkins, 1980, 1987; Thiele et  al., 1986; Fuchs. 
1987 1 . 

This study is based on measurements carried 
out on samples taken during the MPOGULF cruise  
i n  July-August 1983. I n  the f i r s t  sect ion of t h i s  
paper we b r i e f ly  describe the experimental proce- 
dures. 'We report  i n  the second sect ion the 3He  
and tritium d i s t r ibu t ions  using isopycnal charts 
and diagrams of t r ace r s  versus hydrological data  
i n  order to  examine the importance of vent i la t ion 
processes and t o  iden t i fy  the contributions of 
d i f f e ren t  water masses. I n  the th i rd  section w e  

. discuss the va l id i ty  of the tritium input 
functions fo r  the surface waters of the North 
Atlantic [Dreisigacker and Roether. 1978; 
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Broecker e t  a l . ,  19863 compared to  the whole dat. 
set  available from 1965 t o  1985. We use an 
"observed" tritium distr ibut ion versus t i m e  for 
the northeast  Atlantic surface waters i n  order to 
run a simple mixing model, and we discuss our 
3 H e - t r i t i u m  data  compared with the output of the 
model. The tritium-JHe "age" is compared with our 
computed values of vent i la t ion times of some 
water masses. 

Field Work and Experimental Procedure 

One of the a i m s  of the TOPOGULF program was to  
evaluate the zonal transport  between the western 
and eastern basins of the North Atlantic above 
the Mid-Atlantic Ridge (MAR) a t  mid-latitudes and 
t o  add an important set of hydrological and 
tracer data  f o r  the central  Atlantic [ I n s t i t u t  
fu r  Meereskunde (IFM) , 19861. In t h i s  context, 
240 samples have been collected f o r  3 H e  and 
tritium measurements. 

Figure 1 shows the s t a t ions  sampled during the 
TOPOGULF cruise.  They a re  located i n  the area 
24.N-40". 23*W-5O0W near the Azores Islands,  
along the eastern and western flanks of the Mid- 
Atlantic Ridge and perpendicular t o  i t .  

The shaded areas on Figure 1 correspond t o  the 
water outcropping locations of the 25.6, 26.5. 
and 26.8 u8 l eve l s  determined from h i s to r i ca l  
wintertime temperature data from Sarmiento e t  
al.[1982]. I n  the TOPOGULF area these outcrops 
a re  iden t i ca l  t o  those redetermined by Thiele e t  
a1.[1986]. 

Helium 3 data  were obtained by mass-spectro- 
metric measurements as well as tritium concen- 
t r a t ions  which are determined by the 3He regrowth 
technique. The experimental procedure and accu- 
racy of measurements a re  reported elsewhere 
[Andrid, 1987; Jean-Baptiste e t  a l . ,  19883 and 
a re  basical ly  those described by Clarke e t  
a l ,  [ 19761 and Jenkins [19811. 

The 3He da t a  are reported i n  63He ,% (Figures 2 
and 3 ) .  i.e. the deviation of the isotopic r a t i o  
of the sample 3He/'He from the standard isotopic  
r a t i o  of the atmosphere (Ra = 1.384~10 - 6 ) t  
expressed i n  percentage: 

The tri t iumgenic 3He concentrations 3He, c i  , 
expressed i n  cm 3STP/g of seawater, are  obtained 
by subtract ing the 3He value corresponding t o  the 
isotopic  equilibrium value i n  seawater from the 
t o t a l  amount of 3He ì n  the sample [Weiss, 1971; 
Benson and Krause, 19803. 

Tritium concentrations (Figures 2 and 3) a re  
expressed i n  tritium un i t s ,  or TU (1 TU repre- 
s en t s  1 tritium atom f o r  lo1' hydrogen atoms) or 
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Fig. 1. Map of the TOPOCULF cruise .  Numbers 
show posi t ion of s t a t ions .  The shaded areas 
correspond t o  the water outcropping locations of 
the 25.6, 26.5 and 26.8 levels .  

i n  TU 81N (Figure 3) ( i . e  tritium contents norma- 
l i zed  t o  January 1,1981 [Ostlund, 19841). 

Typically, when these analyses were done, the 
da t a  accuracy w a s  + 0.25% f o r  63He and 2 0.2 TU 
for tritium [Andriz, 19871; s ince then, some 
changes i n  our analyt ical  procedure have been 
ca r r i ed  out ( ion counting system f o r  3He,  lower. 
blank, automation). and so the accuracy of our 
da t a  has been improved. 

We s h a l l  discuss i n  the following the v a l i d i t y  

1 2 3 4 5 8 7  

of the t r i t i u m - 3 H e  "age" (cal led A )  for the study 
of the middepth water circulat ion.  The reported 
age values A have been computed from 

where X is the decay constant fo r  tritium (0.0557 
y- ')  and 3 H e  and 'H a re  the respective 'He and 
tritium contents of the sample (expressed i n  
numbers of atoms). 

Water samples were drawn from Niskin bo t t l e s  
i n t o  copper tubes (- 40 cm3). Usually, 12 samples 
were collected f o r  each s t a t ion  a t  10. 40, 70, 
100, 200, 350, 500, 650, 800, 1000, 1500 and 
2000 m depth. In  the next section, as the North 
Atlantic d i s t r ibu t ion  of tritium is controlled 
largely by winter outcropping and isopycnal 
advection processes, we s h a l l  study the d i s t r i -  
butions of tritium and 3He  along s i x  isopycnal 
l eve l s  previously used by Sarmiento et a l .  [i982 J : 
surface, 25.6, 26.5, 26.8, 27.1, and 27.4 rela- 
t i ve  ' t o  the thermocllnal and ' middepth Atlantic 
waters. 

For each isopycnal w e  calculate  the correspon- 
ding S3He and tritium contents using l i n e a r  
interpolat ions between sampled levels .  In  addi- 
t ion,  w e  use  for each isopycnal the hydrological 
data (tenperature,  sal ini ty .  and oxygen) available 
from IFM [i9861 and the v o r t i c i t y  values computed 
by M. Arhan (personal communication, 1987). 
Figure 4 shows the correspondence between depth 
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Fig. 2a 

Fig. 2. P ro f i l e s  of (a) t r i t ium versus depth and (b)  3He versus depth fo r  the 
southwestern (33 and 36). southeastern (2,  6, 12, and 16).  and northern (41. 83, 88, 
93. and 110) s t a t ions .  
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q l e v e l s  f o r  the eastern track of the cruise  

Results and Discussion 

The data  are reported i n  Table 1. In Figure 2. 
Prof i l e s  of tritium and 3 H e  versus depth a re  pre- 
sented f o r  TOPOGULF stat ions.  They have been 
s p l i t  i n t o  th ree  groups on the basis  of t h e i r  
geographic location (southwest, southeast and 
north) .  These p ro f i l e s  reflect the opposite boun- 
dary conditions f o r  tritium and 3He  a t  the 
atmosphere-ocean interface.  The 3He maximum 
observed i n  the 600-700 m range, located j u s t  
under the tritium maximum, r e s u l t s  from the 
trade-off between the 'He evasion through venti- 
l a t i o n  or convection processes and the tritium 
penetration which generates 3 H e  with time. 

Figure 3 gives the 3 H e  (@He) and tritium 
(TU8lN) d i s t r ibu t ions  along the s i x  isopycnal 
l eve l s  within the TOPOGULF area. The four f i r s t  
l e v e l s  outcrop during winter within the subtro- 
p i c a l  anticyclonic gyre; the last one outcrops i n  
the subarct ic  gyre [Sarmiento e t  al., 19821. I n  
the following. w e  successively discuss the 63He 
and tritium di s t r ibu t ions  along these isopycnal 
l eve l s  using hydrological data  such as s a l i n i t y ,  
v o r t i c i t y ,  and oxygen i n  order t o  i den t i fy  the 
water masses and t o  determine the importance of 
ven t i l a t ion  processes and "aging." 

Surface and 25.6 isowcnal  levels .  For the 
surface and f o r  the f i r s t  25.6 isopycnal l eve l  
the mean b3He values obtained f o r  the samples 
over the whole TOPOGULF area are -1.213 and 
-1.443, respectively (Figure 3). These values a re  
somewhat higher than the so lub i l i t y  equilibrium 

Value of -1.7% from Benson and Krause [1980]. Our 
observed excess 3He i n  the ocean surface layer 
agrees with the reported values of Fuchs e t  
al.Cl9871 and a re  e s sen t i a l ly  due t o  the summer 
erosion of the surface layer.  Everywhere i n  the 
TOPOGULF area,  the 25.6 isopycnal l eve l  is within 
the mixed layer.  

of the surface waters i n  the area located south 
of 34" with a mean measured value of 4.5 TU81N 
(standard deviation 2 0.15 TU). In  contrast ,  
northern s t a t ions  show a higher and less homoge- 
neous tritium concentration. This difference i n  
the surface tritium content between southern and 
northern s t a t ions  r e f l e c t s  the existence of the 
subtropical f ront  ( t he  Azores f ron t )  near 35" 
[Worthington, 1962; K l l s e  e t  al.. 1986; Krauss, 
19861. The f ron t  is w e l l  defined during the 
TOPOGULF cruise  (F4guure 4) by the sharp gradient 
i n  the density f i e l d  near s t a t i o n  41 [IFM. 19861. 
Such a general trend of increasing surface 
tritium concentration with l a t i t u d e  i n  the 20"- 
50" range has been previously reported [Weiss 
and Roether, 1980; Jenkins, 1982; Broecker e t  
al., 1986; Thiele e t  al., 19863. Nevertheless, 
the exact reason fo r  the special ly  high tritium 
value a t  s t a t i o n  41 is not  clear. Similar featu- 
res were observed during the Geochemical Ocean 
Sections Study (GEOSECS) ( s t a t ion  3 [from 
Ostlund, 19843) and Transient Tracers i n  the 
Ocean ( ' I T O )  ( s t a t ions  224, 225 [from Ostlund and 
G r a l l ,  19871) cruises .  The higher tritium varia- 
b i l i t y  i n  the northern s t a t ions  is probably 
linked t o  the mesoscale eddies created by the 
Azores f ron t  north of 35" [ K h e  and Siedler ,  
1982; K i e l m a M  and KWe, 19871. 

In  the subsurface (25.6 isopycnal level)  w e  

We observe a very homogeneous tritium content 
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Fig. 3. H e l i u m  3 and tritium distr ibut ions \ (hatched columns are used for negative 63He 
values) f o r  (a) the surface and the 25.6 and 26.5 isopycnal l eve l s  and (b) the 26.8. 
27.1, and 27.4 isopycnal levels.  Numbers iden t i fy  the sampled s t a t ions  (see Figure 1). 

observe a puzzling l aye r  of enriched tritium i n  
s t a t i o n  16. This enrichment cannot be an artifact 
because i t  encompasses four da t a  points (Figure 
2 ) .  Such an anomaly has been recently reported by 
Nies Cl9881 i n  a d i f f e ren t  area (47.5". 20'W) 
with a tritium concentration increasing from 
3.8 TU a t  the surface t o  7.5 TU at  300 m and 
correlated with a 9OSr  anomaly. In  both cases, 
the or igin of t h i s  anomaly cannot be clear ly  
determined. 

The 26.5 isopycnal level.  The 26.5 isopycnal 
l e v e l  is the first one fo r  which pos i t i ve  63He 
values appear i n  the south (Figure 3). Neverthe- 
less, w e  observe negative 6 3He values f o r  
s t a t i o n s  33 and 36 i n  the southwest (equal t o  
-l..OX and -1.5%. respectively).  In  addition, the 
S3He-vorticity and 63He-oxygen diagrams i n  Figure 
5 show that these negative values a r e  correlated 
with low v o r t i c i t y  and high oxygen values. These 
features  iden t i fy  the 18.c Mode Water [Mc 
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fu1 tool  fo r  t h i s  ident i f icat ion.  ecjkthis t racer-  
is sensi t ive t o  the age of the mode water when 
v o r t i c i t y  or oxygen stay nearly constant during 
the displacement of the  Water mass. The observed 
63He values fo r  s t a t ions  33 and 36 (- -1.4%) are 
close t o  the atmospheric equilibrium value, and 
w e  can conclude tha t  the 18.C Mode Water here 
comes from recent convection. 

the tritium distr ibut ion i n  the south, w e  
observe higher triti- contents than i n  the 
surface layer ( s t a t ions  6, 12. and 16). We note 
in Figure 1 tha t  the 26.5 isoPYcnal level  out- 
crops north of t he  Azores front during winter, in 
a tritium enriched area. This subsurface maximum 

For 

._ - 
most l+ëiy ~ s u $ t s  from the southwestward iso-  
PycnaI" - tranapd of these tritium enriched 
waters. As we s h a l l  see f o r  the next isopycnal 
l eve l ,  the west-east asymmetry i n  the south is 
due t o  the effect of the anticyclonic gyre on the  
water circulat ion.  On the 26.5 isopycnd level .  
v e r t i c a l  mixing w i t h  surface waters i n  s t a t ions  
33 and 36 (18'C Mode Water formation) can also be 
responsible f o r  lower tritium content i n  the west 
than i n  the east. 

The tritium d i s t r i -  
bution on the 26.8 isopycnal level  (Figure 3) 
shows a tritium increese f o r  the northern 
s t a t ions  83. 93, and 110. These subsurface maxima 
a re  well defined i n  the tritium-depth prof i les  in 

The 26.8 isomcnal  level.  
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Fig. 4. Distribution of u0 versus depth along the eastern track of the cruise  ( the  
northern track, not sampled f o r  tritium and S H e ,  is given for the continuity of the 
hydrological s i t ua t ion ) .  

Figure 2a (100<2<200 m). The 26.8 isopycnal is 
the f i r s t  one for which the wintertime outcrop is 
located .no r th  of the sampled area, near 50”. As 
was mentioned by Broecker and Ostlund [1979], the 
tritium di s t r ibu t ion  on the 26.8 isopycnal l eve l  
is consistent with the location of its wintertime 
outcrop and an advective flow along t h i s  horizon 
i n  the thermocline. I n  the south, we observe the 
same west-east asymmetry as f o r  the 26.5 l eve l ,  
pr incipal ly  due t o  the water traveling around the 
gyre. 

The 27.1 isopycnal level .  The 27.1 isopycnal 
l eve l  corresponds t o  the B a s a l  Thermocline Water 
where the water masses are very homogeneous (T = 
12.5.C. S = 35.64Y) and a re  pr incipal ly  composed 
of Subpolar Mode Water or Subarctic Water 
[Harvey, 1982; McCartney and Talley,  19821. 
Figure 3 c lea r ly  indicates  the northeast- 
southwest asymmetry of the tritium di s t r ibu t ion  
which suggests t h a t  gyre scale circulat ion has 
dominated the t r ans i en t  tracer redis t r ibut ion 
process. From such a pattern,  we can roughly 
evaluate the advection rate of the flow from 
northeast  t o  southwest. The tritium content of 
4.6 and 3 TU f o r  s t a t ions  110 and 12. respec- 
t i ve ly ,  leads t o  a t r a n s i t  time of around 7.5 
years (i.e. an advection rate of 1 cm s-l 
assuming a purely isopycnal advection process).  

The 27.4 i sowcna l  level. The 27.4 isopycnal 
l eve l  does not outcrop during winter i n t o  the 
subtropical  gyre (McCartney and Talley. 19821. 
The tritium-oxygen diagram (Figure 6a) indicates  
t h a t  the tritium-enriched s t a t ions  83. 88. and 93 
have a Labrador Sea Water component characterized 
by a high oxygen content [Talley and McCartney, 
19821. Such a tritium enrichment associated with 
the Labrador Sea Water has been previously 
reported by Jenkins and Clarke Cl9761 and is 
noticeable i n  “0 data  f o r  the Labrador Sea 
[Ostlund and Gral l ,  19871. On the other hand, the 
t r i t ium-sal ini ty  diagram (Figure 6b) shows a 
Mediterranean input f o r  s t a t ions  110 and 41 with 
higher s a l i n i t i e s  and lower tritium content. 
T r i t i u m  da ta  from the 1981 PHYCEMED cruise 
[Andrib and Merlivat, 19883 a re  available i n  the 
Mediterranean Sea near Gibral tar  (Alboran Sea). 
Using the assumption of Roether and Weiss Cl9751 

for a 2/3, 1/3 mixing, of Deep Occidental Water 
and Levantine Intermediate Water t o  make.the 
Mediterranean outflow, we estimate a tritium 
content i n  Gibraltar equal t o  2.2 TU81N. Such a 
Mediterranean input i n  the east has been reported 
i n  the P t r iangle  tritium da ta  [Jenkins. 19871. 

TABLE 1. T r i t i u m  and 3He Data of the 
TOPOGULF Samples 

Depth, m Density, Y Tri tum. TU SsHe, ,% 

40 
70 
97 
100 
198 
348 
649 
798 
1002 
1472 
1977 

40 
100 
204 
344 
491 
644 
798 
1497 
1999 

10 
35 
99 
203 
350 
500 
1003 
1499 
2001 

Stat ion 2 
25.4177 n.d. -0. o1 
26.0003 
26.1721 
26.1648 
26.5182 
26.7462 
27.1928 
27 3717 
27 * 5990 
27.8118 
27.8583 

3.84 
3.53 
3.56 
n.d. 
n.d. 

2.36 

0.86 
0.47 

3.56 

1.07 

Stat ion 6 
25.4710 3.97 
26.1387 4.28 
26.5304 n.d. 
26.7217 4.19 
26.9389 4.96 
27.1613 2.80 
27 3673 0.70 
27.8038 0.94 
27.8606 n.d. 

Stat ion 12 
25.0951 3.87 
25.1032 

26.4949 
26.7623 
27 .O018 
27.5300 

27.8434 

26 * O539 

27 7556 

3.56 
4.18 
4.39 a 

4.56 
3.71 
0.53 
0.39 
0.21 

-0.61 
-0.47 
-0.04 
3.71 
6.46 
10.46 

5.04 
2.18 

7.31 

3.43 

-1 35 
-0. o9 
4.66 
5.65 
9.26 
n.d. 
5.61 
2.46 
2.75 

-0.71 
n.d. 
2.40 
2.94 
8.49 
12.52 

2.44 
0.76 

2.61 
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TABLE 1. (continued) 

Depth, m Density, Z Tr i tum.  TU @He, % 

10 
40 
70 
100 
200 
342 
489 
642 
791 
995 
1502 
2002 

10 
40 
70 
99 
201 
349 
499 
649, 
799 
997 
1498 
2000 
2500 

10 
40 
70 
100 
199 
347 
499 
645 
781 
995. 
1497 
1995 
2497 

10 
40 
70 
100 
201 
351 
503 
638 
801 
999 
1500 
2002 
2504 

10 
40 
70 
101 
202 
349 
500 

Stat ion 16 
25.0288 4. 
25.0285 6. 
25.4635 6. 
25.7353 4. 
26.3219 4. 

19 
28 
17 
81 
24 

26.6103 4.11 
26.8914 3.78 
27.1315 3.01 
27.3257 1.78 
27.5007 1.62 
27.7455 0.01 
27.8282 0.63 

Stat ion 33 
23 * 9533 3.99 
25.1887 3.65 
25.9998 3.73 
26.2267 7.28 - 
26.4423 3-51 
26.5984 3.54 
26.7918 3-13 
27.0322 . . 2.39 

27.8146 0.85 

27.3111 1.74 
27.5756 1.42 

27.8543 1.08 
27.8700 0.07 

Stat ion 36 
24.1967 3.87 
25.4477 3.37 
26.1839 3.93 
26.4018 4.20 
26.5304 3 -71 
26.6712 3.97 
26.8935 n.d. 
27.0895 2.78 
27.2862 2.25 
27.5616 1.25 

27.8429 0.53 
27.8623 0.20 

27.7963 1 .0.6 

Stat ion 41 
25.2098 7.33 
25.7427 6.06 
26.2914 5.04 
26.4574 
26.7524 
26.9686 
27.1332 
27.2616 
27.4455 
27.6528 
27.8067 
27.8331 
27.8647 

4.99 
4.81 
4.61 
4.. 52 
4.46 
3.40 
3.08 
1.90 
0.39 
0.52 

Stat ion 83 
24.7016 4.15 
25.2622 6.34 
26.3795 5.41 
26.6548 5.30 
26.8213 5.93 
26.9520 n.d. 
27.0869 4.23 

I. 

-1.24 

-1.60 
-O. 82 
-1.21 
4.08 
10.80 
9.62 
4.86 
1.20 
-0.10 
3.18 

-2.90 

-1.94 
-2.00 
-2.36 
-1 *75 
-0.97 
1.44 
3.90 
7.87 
13.13 
n.d. 
4.79 
2.96 
1.61 

0.27 
-0.82 
n.d. 
-1.60 
-1.59 
3.34 
3.04 
7.66 
4.69 
5.68 
1.19 
0.88 
1.68 

-2.50 

-1.51 
0.05 
3.62 
7.42 
8.37 
6.69 
n.d. 
4.47 
2.65 
-0.02 

n.d. 
-1.41 

-1 .O4 
-3.20 
n.d. 
-0.10 
-0.83 
2.78 
7.61 

12,517 

TABLE 1. (continued) 

Depth, m Density, X Tritum, TU 63He, ,% 

648 
797 
999 
1499 
1999 

10 
40 
70 
102 
152 
200 
350 
500 
648 
697 
799 
899 

10 
40 
70 
101 
200 
350 
499 
647 
799 
998 
1248 
1497 

10 
40 
70 
101 
202 
349 
500 
648. 
798 
998 
1494 
1998 

Stat ion 83 
27.2380 
27.4365 
27.6280 
27.7669 
27.7924 

(continued) 
4.00 
4.48 
2.88 
2.17 
1.96 

Stat ion 88 
24.8796 5.01 
25.4832 4.54 
26.1621 4.64 
26.5674 n.d. 
26.7034 4.28 
26.7485 4.15 
26.8862 4.66 
27.0248 5.80 
27.1615 4.73 
27 * 2099 4.66 
27.3261 4.84 
27.4463 3.85 

Stat ion 93 
25.1278 5.52 
25.7845 
26.2548 
26.6192 
26.8614 
27.0163 

27.2598 
27.4453 
27.6263 
27.7435 
27.7815 

27 1277 

5.70 
4.94 
5.55 
6.37 
4.71 
4.54 
4.40 
5-03 
2.76 
2.46 
n.d. 

Stat ion 110 
25.2423 4.88 
25.6551 4.93 
26.6295 4.93 
26.7877 6.25 
26.9176 6.67 
27.0190 5.65 
27.1276 4.63 
27.2207 4.96 
27.3551 3.45 
27 * 5390 3.34 
27 * 7775 2.20 
27.8102 1.83 

8.90 
6.53 
7.26 
4.78 
3.64 

-1.62 
-2.25 

-2.15 

-1.69 
-2.00 

-0.46 
n.d. 
n.d. 
4.28 
5.65 
3.14 
4.97 

-1 * 35 
-1 55 
-0.23 
-0.13 
3.64 
3.61 
5.41 , 
6.46 
7.80 
6.94 
5.89 
2.50 

-0.25 i 

-2.06 
-O. 84 
0.52 
-0.77 
1.73 
4.94 
7.57 
7.49 
7.44 
7.44 
3.90 

T r i h m  and 3He data  are re la t ive  t o  the date  
of sampling: n.d. stands for "not determinated." 

It can be responsible for the  t r i t ium-sal ini ty  
correlat ion observed i n  Figure 6b ( r e l a t i v e  
tritium enrichment i n  s t a t i o n  2 compared with 
s t a t i o n  12). 

The low tritium concentrations observed for 
s t a t i o n s  6, 12. and 16 correspond to the Ant- 
arctic Intermediate Water component [Broecker and 
Takahashi, 19811 characterized by a low s a l i n i t y  
(Figure 6b) a ä  w e l l  as a high si l ica content 
[IFM, 19863. 

-5-1. -*. .a, " .  
8 
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Fig. 5. Diagrams of (a) 6 3 H e  versus v o r t i c i t y  
and (b)  @He versus oxygen fo r  the 26.5 isopycnal 
level .  Numbers ident i fy  the sampled s t a t ions  (see 
Figure 1). 

T r i t i u m  and Helium 3 i n  the Ventilated 
Thermocline: A Quant i ta t ive Approach 

Several kinds of models have been used t o  
compute the transport  of chemical or t ransient  
t r ace r s  i n  the North Atlantic [Jenkins, 1980. 
1987; Sarmiento, 1983; Cox and Bryan, 1984: 
Thiele e t  a l . ,  1986; Filchs, 19871 using essen- 
t i a l l y  the tritium input function of Dreisigacker 
and Roether [1978]. In a more quant i ta t ive study 
of the TOPOGULF data,  three questions arise : 

Are the previously reported tritium d i s t r i -  
butions versus time f o r  the surface waters of the 
north Atlantic su i t ab le  f o r  the 1983 samples? 

2. Can w e  apply a mixing model without any 
hypothesis r e l a t i v e  to mixing and transport  
processes of the water within the subtropical 
gyre i n  order t o  define the time scales fo r  
transport  and ventilation? 

3. Can we consider the 3He/3H "age" of the 
water samples as a useful tool  f o r  the evaluation 
of time scales f o r  transport  or vent i la t ion? 

'Evolution With t i m e  of the T r i t i u m  
Surface Concentrations 

1. 

Figure 7 shows the tritium di s t r ibu t ion  versus 
time of the North Atlantic surface waters i n  the 
2O'N-'jO'N band given by Dreisigacker and Roether 
[1978] and referred to  i n  the  following discus- 
s ion as DRF and the d i s t r ibu t ions  proposed by 
Broecker e t  a l .  [I9861 (referred t o  as BPOFl and 

A 

BPOF2 f o r  the 20'N-40'N band and f o r  la t i tudes 
greater than 40". respectively) Also plotted 
are  a l l  the reported tritium data fo r  the area 
25.N-60" from 1965 t o  1985 [Rooth and Ostlund, 
1972; Bowen and Roether, 1973; Ostlund e t  a l . ,  
1974; Dreisigacker and Roether, 1978: Jenkins e t  
a l . ,  1979, 1985; Ostlund. 1984; Thiele e t  al., 
1986; Ostlund and Grall ,  19871. Crosses show da ta  
from the 25'N-40'N area: c i r c l e s  show data from 
the 40"-60" area.  The first observation that  w e  
make from such a pat tern is the great s ca t t e r  of 
the data.  Because t h i s  va r i ab i l i t y  it appears 
d i f f i c u l t  t o  r e f e r  t o  any one of the three input 
functions DRF, BPOF1, or BPOF2 i n  a modeling 
approach of our TOPOGULF data.  

The shaded area i n  Figure 7 includes nearly 
the whole da t a  set of the temperate zone (25"- 
40") and we s h a l l  consider as the "observed" 
tritium d i s t r ibu t ion  (OTF) the two lower and 
upper boundaries OTFl and OTF2, respectively,  
which cons t i t u t e  the envelope of t h i s  data set. 
The DRF nearly coincides with the lower l i m i t  
OTF1,. The BPOFl (20'N-40°N) has been c l ea r ly  
unde!: the lower l i m i t  OTFl s ince 1972. Tritium 
data  i n  p rec ip i t a t ion  from 1973 t o  1978 do not 
show any decrease over Valentia Island, Ireland 
[International Atomic Energy Agency, 19813 . This 
feature,  i n  addition t o  the observed sea surface 
tritium data ,  suggests a possible underestimation 
of the BPOFl after 1972. The upper l i m i t  OTF2 of 
the envelope has been very close t o  the BPOF2 

16 
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Fig. ba 
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Fig. 6. Diagrams of (a) tritium versus oxygen 
and (b) tritium versus s a l i n i t y  f o r  the 27.4 iso- 
Pycnal level .  The Mediterranean outflow component 
b%' is plot ted f o r  reference. Numbers identify the  
s t a t ions  (see Figure 1 ) .  
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TRITIM O 1 

Fig. 7 .  Distributions of tritium versus time fo r  
surface waters of the North Atlantic Ocean. DRF 
re fe r s  t o  Dreisigacker and Roether [ 19781 : BPOFl 
and BPOF2 r e f e r  t o  the 20°N-40'N and >40'N lat i-  
tudinal bands, respectively,  from Broecker et  al. 
[1986]. Also shown are the data available from 
1965 t o  1985 (see t ex t  fo r  references) f o r  the 
25"-40" l a t i t u d e  range (crosses) ,  and f o r  the 
40'N-60°N l a t i t u d e  range (circles). The shaded 
area is the envelope of the data  set f o r  the 
temperate zone (25"-40"). Its lower and upper 
l i m i t s  a r e  ca l l ed  OTFl and OTF2. respectively, i n  
the t e x t  ("observed' tritium versus time d i s t r i -  
butions fo r  surface waters). 

(>40'N) since 1965. Our OTF is very approximative 
before 1965 because of the almost complete lack 
of data.  Nevertheless, the influence of the s i z e  
and shape of the tritium distr ibut ion a t  t h i s  
remote period of the tritium input history is low 
i n  our calculation, and it leads to  uncertainties 
within the experimental error .  

The Model 

Our calculation is derived from the transport 
model used by Jenkins [1980]. It is a simple 
mixing model where one considers t ha t  the evolu- 
t ion of the tritium concentration a t  any depth is  
driven by the exchange of water coming from.the 
surface. A s  we know t h a t  the penetration of tri- 
tium i n  the North Atlantic waters is governed 
mainly by winter outcropping processes and water 
inject ion by Ekman pumping [Stommel, 19791, t h i s  
scheme seems r e a l i s t i c .  The difference with the 
Jenkins model is tha t  w e  do not suppose that  the 
surface water is being instantaneously trans- 
ported i n t o  the ocean. The surface water is 
allowed t o  t r ave l  during a cer ta in  " t ransi t"  time 
T before reaching the depth of i n t e re s t .  The time 
T integrates  all the physical processes occurring 
between the surface and a given depth (Ekman 
pumping, mixing, advection, diffusion, e tc . )  and 
so cannot be considered as a r e a l  t r a n s i t  time. 
Nevertheless, w e  consider that  during t h i s  time, 
tritium and 3 H e  concentrations of the surface 
water evolve owing t o  radioactive decay of 
tritium and t o  subsequent production of 'He. A t  
any given depth, changes i n  tritium and 'He 
concentrations with time are given by writ ing the 
m a s s  balance f o r  both elements ( 3H and 3He, 
respectively) 

+ 3H,( t+At-  T) 
Q 

3 H e ( t + A t )  = ( 3 H e ( t ) + s H ( t ) )  1 [ -?) 
M 
Q 

- - 3H. ( t + A t -  T) - 3 H (  t + A t )  

4 
' -  H d i u r  3 
- ( u 3 s ~ ~ / 9  x 1 0 ~ 9  

3 i 

1 2 3 i 6 i 
Fig. 8. Response curves of the model (described i n  the t ex t )  run w i t h  OTF2 (sol id  
l i n e ) .  These outputs are  computed fo r  vent i la t ion times T ranging from 1 t o  1000 Years 
and different  " t ransi t"  times T (from O t o  20 years; numbers are reported on the right 
s ide  of the c U I ' V ~ S  with asterisks). Also d r a m  a re  several  ' isoventilation time" cumes 
from 2 t o  200 Years (dotted l i nes ,  ident i f ied by s m a l l  numbers above and below the 
curves. 
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Fig. 9. Comparison between TOPOOULF data  and the 
outputs of the model run e i t h e r  with the OTF2 
( s o l i d  l i n e s )  or the O T F l  (dotted l i n e s )  tritium 
distr ibut ions.  The computation is done using 
sèveral  " t r ans i t "  times (from O t o  12 years, 
reported a t  the top of each OTF2 curve). (a) 
Southeastern s t a t i o n s  (2 ,  6 ,  12, and 16). The 
depths of the helium-tritium data  pa i r s  f o r  
s t a t i o n  12 a r e  reported. (b) Southwestern 
s t a t ions  (33. and 36). ( c )  Northern s t a t ions  (41, 
83. 88, 93, 110). Parentheses are used t o  iden- 
t i f y  pa r t i cu la r  samples, discussed i n  the text .  

where A t  is the t i m e  s tep (I yea r ) ,  T is the 
"transit" time of the surface water, Hs is  the 
surface water tritium concentration, X is  the 
radioactive decay constant f o r  tr i t ium, and &IQ 
is the vent i la t ion r a t e ,  i . e . ,  the percentage of 
water replaced by water coming from the surface 
by s t e p  of time A t .  Instead of &IQ w e  can intro-  
duce the vent i la t ion time T by the transformation 
&/Q = Att/T. 

right-hand s ide  terms include the i n  s i t u  
radioactive decay of tritium (or regrowth for  
3 H e  ) during the time step At, the t r i t ium 
contribution from the surface associated with the 
renewal r a t e  W/Q and affected by the " t r ans i t "  
time T, and the tracer outgoing with respect t o  
the m a s s  balance. 

The i n i t i a l  conditions a re  fixed considering 
the system t o  be i n  steady s t a t e  i n  the year 
1950. with a tritium concentration a t  the surface 
equal t o  0.2 TU [Jenkins, 19801. Figure 8 is  the 
response of the model run between 1950 and 1983, 
considering OTF2 as the tritium di s t r ibu t ion  
versus time f o r  the surface waters, i . e . ,  the 
relat ionship between 3 H  and 3He  f o r  d i f f e ren t  
ven t i l a t ion  times T and t r a n s i t  times T ( O  t o  20 
years) .  Also reported a re  several  " isovent i la t ion 
time" curves from 2 t o  200 years. 

For each TOPOGULF s t a t ion ,  from the surface to  
2000 m depth. w e  have compared the response of 
the model (run with e i t h e r  OTFl or OTF2) with 
each triti~m-~He data  p a i r  of our samples (Figu- 
res 9a. 9b. and 9c fo r  southeastern (2,  6 ,  12, 
and 16) .  southwestern (33, and 36),  and northern 
(41, 83, 88, 93, and 110) s t a t ions ,  respecti-  
vely) .  From each data  p a i r  we can determine a 
s ing le  T-r pa i r .  We observe great differences 
among the 3H-3He p a i r  dis t r ibut ions i n  the south- 
eastern,  southwestern, and northern areas. 

area. For the southeastern area, 
data  are i n  good agreement with the model using 
the OTF2 input function (Figure ga). A puzzling 
feature  is the remarkable subsurface t r i t ium 
maximum i n  the mixed layer for s t a t ion  16. pre- 
viously mentioned. One datum fo r  s t a t i o n  16 f a l l s  
i n  the i n t e r i o r  of the response model curve 
(shown i n  parentheses i n  Figure 9a. fo r  1000 m 
depth or 00- 27.5). probably owing t o  the in f lu -  
ence of  the Antarctic Intermediate Water compo- 
nent. For depths greater than 100 m the data  fit  
the model using transit times ranging from O t o  6 
years. This feature  corroborates our previously 
mentioned southward isopycnal transport  of the 
water masses f r o m  wintertime outcropping surfa-  
ces. A t  middepth (ao - 27.1).  the highest transit 
time f o r  s t a t ion  12, equal t o  6 2 1 
years: this value is close to the 7.5-year 
t r ave l  time between s t a t ions  110 and 12, evalua- 
ted using a coapletely different  approach (see 
discussion of the 27.1 isopycnal l e v e l ) .  

The 3H-SHe p a i r s  for the southwestern s t a t ions  
33 and 36 are plot ted with the response curves of 
the model using e i t h e r  OTFl or OTF2 (Figure 9b) .  
From the surface t o  600 m depth, the 3H-3He dots  
are located between the two OTFl and O F 2  model 
response curves. This r e su l t s  from the f i c t  t h a t  
i n  t h i s  depth range (from the surface down to ce= 
27.0). t he  waters are coming e i t h e r  from iso- 
pycnal t ransport  from northern areas  o r  from 
convection processes occurring close t o  the 
sampled area (18'C Mode Water). The combination 
of these two processes, described by the GTF2 and 

The 

Southeastern 

is obtained 
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TABLE 2 .  Tritium-3He Age A 
and Ventilation Time T for  Station 12 

Depth, m T,  years A ,  years 

10 n.d.' 0.8 
100 4.25 3.2 
200 4.. 75 3.5 

5.50 6.9 
14.00 10.6 

350 

go 2 10 18.2 
500 

1000 
1500 70 f 30 21.5 
2000 200 c 100 23.0 

Undetermined value not described by the 
model. 

OTFl tritium d i s t r ibu t ions ,  respectively, ex- 
plains the location of our measured 3H-3He pa i r s  
i n  Figure gb. This feature  w a s  not noticeable f o r  
the southeastern s t a t i o n s  (Figure 9a) where loca l  
convection does not e x i s t  down to 600 m. 

whether the OTFl or OTF2 model response curve 
(Figure 9b) best  fits the da t a  . 

We notice a pa r t i cu la r  data  p a i r  corresponding 
t o  a 3He-enriched sample fo r  s t a t ion  33 ( i n  
parentheses i n  Figure gb) ,  probably of hydm- 
thermal or igin.  The b3He anomaly is observed a t  
800 m f o r  s t a t i o n  33 (Table 1). The 3He content 
a t  the same depth f o r  s t a t ion  6. located on the 
other s ide  of the Mid-Atlantic Ridge. is conside- 
rably lower (Figure 2b). The respective @He 
values a re  13.1% f o r  s t a t ion  33 and 5.6% fo r  
s t a t ion  6,. In  t h i s  area, the ridge is relat ively 
high, referred t o  the bottom depth fo r  s t a t ion  88 
(- 1000 m), or the  da t a  of Miyashiro et a l .  
[1971] ( the  c r e s t  of the MAR a t  30" 42% is 
located a t  1460 m depth),  or the bathymetric map 
of Litvin et  a l .  [1972]. A l i ke ly  origin fo r  the 
'He  anomaly i n  s t a t i o n  33 is the input of hydro- 
thermal ac t iv i ty  from the MAR [Rona et  al . ,  
19841. Such an 3He excess has been described by 
Jenkins et  a l  [1980] near the MAR at  26". The 
3 H e  anomaly suggests t ha t  the middepth circu- 
l a t ion  is westward i n  t h i s  area. 

For s t a t ion  36 the data  f a l l  into the in t e r io r  
of the model response curves a t  800 m and 1500 m 
( i n  parentheses in Figure 9b). probably as a 
re su l t  of mixing with an Antarctic Intermediate 
Water component. In  contrast ,  s t a t ion  33 does not 
show such an "anomaly." perhaps because of 
remainders of hydrothermal ac t iv i ty  which mask 
the  influence of Antarctic Intermediate Water 
[ Broecker and Takahashi, 19811. 

Below 600 m ,  i t  is d i f f i c u l t  t o  distinguish 

Northern area. The 3He-3H pairs  for  the 
northern s ta t ions 41, 83, 88, 93. and 110 are 
plotted with the response curves of the model 
(Figure gc ) .  All the data from the surface t o  
600 m depth a re  sh i f t ed  ft" the model response 
t o  greater tritium values. This deviation w a s  
expected. as w e  have not considered the TOPOGULF 
data i n  the determination ' o f  the OTF2 tritium 
distr ibut ion.  Figure 7 shows a posit ive s h i f t  
between the TOPOGULF data i n  the northern band 
4 0 * ~ - 6 0 ' ~  (reported by c i r c l e s  for  1983) and 
other reported values r e l a t ive  to  tritium concen- 
t ra t ions a t  the sea surface. The deviation &ser- 
ved between,the response of the model - with 

OTF2 and our surface and subsurface t r i t i u m  data 
is the r e su l t  of t h i s  s h i f t .  

Below 600 m the measured 3 H e - 3 H  pairs  f a l l  
near the response model curves corresponding to  
short  t r a n s i t  times ( O < r < 4  years) .  

Estimates of Some Ventilation Times 

The 3He-3H age (cal led A i n  the following 
discussion) has often been considered as a power- 
f u l  tool  fo r  oceanographic studies on t i m e  scales  
of less than 1 decade [Jenkins and Clarke, 1976; 
Jenkins, 1980. 1987; Fuchs, 19871. On the other 
hand, w e  must take the greatest  care when using 
i t  f o r  time scales greater  than 10 years because 
of its non l i n e a r i t y  i n  regard t o  mixing. This 
observation has t o  be kept i n  mind when using the 
3He  and tritium tracers  i n  order t o  evaluate the 
vent i la t ion ages of water masses or. by t h i s  way, 
the oxygen u t i l i s a t i o n  rates .  

2 gives the respective vent i la t ion time 
T values and the age A values computed from 
tritium and 3 H e  data  fo r  s t a t ion  12. A s  was 
mentioned by Jenkins [l98O], for  depth ranging 
from the surface t o  500 m. the calculated A 
values are i n  r e l a t ive ly  good agreement with the 
vent i la t ion times computed from the model. In  
contrast ,  f o r  depths greater than 500 m. there is 
a g rea t  discrepancy between A and T values, as 
expected, due to the mixing e f f ec t s .  We notice 
t h a t  the computation is very approximate for  
tritium contents lower than 1 TU, owing t o  the 
experimental e r ro r s  and t o  the shape of the 
d i f f e ren t  curves of the model response fo r  l a rge  
values of the vent i la t ion time (Figure ga ) .  An 
important feature  is the high vent i la t ion t i m e  
f o r  the deep waters (T = 200 5 100 years a t  
2000 m). By contrast ,  on the same isopycnal l eve l  
(ue- 27.8). w e  compute a smaller vent i la t ion t i m e  
f o r  s t a t i o n  110 (equal t o  35 years at 1500 m ) .  
For t h i s  layer ,  the tritium-oxygen diagram i n  
Figure 10 i d e n t i f i e s  the "young" waters of 
Labrador Sea or igin (high tritium and oxygen 
contents) i n  the northern s t a t ions  41. 83. 93 and 
110. The southern s t a t ions  2, 6, 12, and 16 with 
poor tritium and oxygen contents are close t o  the 
so-called "shadow" region of more stagnant waters 
[Luyten et al.. 1983; Kawase and Sarmiento, 
19851. These observations explain the two extreme 
values obtained for the  vent i la t ion t i m e  a t  
s t a t i o n  12 (200 + 100 years) and a t  s t a t i o n  110 
(35 5 5 years) on The 27.8 isopycnal level.  

have mentioned the v a r i a b i l i t y  of the vent i la t ion 
time of the Labrador Sea Water due t o  decadal 
changes i n  renewal rate and properties.  Their 
volumetric calculation leads t o  a vent i la t ion 
t i m e  of 9 years,  while the Worthington's [1976] 
evaluation is about 36 years. The vent i la t ion 
time of 35 2 5 years evaluated by the model f o r  
s t a t i o n  110, mainly consisting of Labrador Sea 
Water (Figure l o ) ,  is i n  goad agreement with the 
latter value and must be considered as a mean 
evaluation over a t  least 2 decades owing t o  the 
t r ans i en t  inject ion of tritium. 

It has t o  be pointed out t ha t  the highest 
value obtained over the whole MPOGULF area f o r  
the vent i la t ion t i m e  (T = 200 2 100 years a t  
s t a t i o n  12 a t  2000 m) can be compared with the 
previously reported residence time values for  the 

Table 

Lazier [1973] and Talley and McCartney Cl9821 
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Fig. 10. Tritium-oxygen diagram fo r  the 27.8 
isopycnal l eve l .  Numbers iden t i fy  the sampled 
s t a t ions  (see Figure 1). 

North Atlantic deep waters (230 years from 
StuiverC19761; 100 years from Broecker [1979]). 

Summary and Conclusions 

We summarize the principal features  inferred 
from the study of the helium 3 and tritium 
di s t r ibu t ions  i n  the TOPOGULF area: 

1. An important f ron ta l  tritium di s t r ibu t ion  
for the surface waters is  revealed, associated 
with the Azores current.  

2. 'The 3 H e  dis t r ibut ion i n  the subsurface 
l eve l  i d e n t i f i e s  the convection eff ic iency i n  the 
north and a formation zone f o r  the 18 'C Mode 
Water i n  the southwest. 

3. A l l  over the sampled area, the tritium 
di s t r ibu t ion  of the middepth waters is essent ia l -  
l y  governed by the inject ion of the t r ace r  along 
isopycnal l eve l s  during t h e i r  wintertime outcrop- 
ping a t  the sea surface. The northeast-southwest 
asymmetry of the dis t r ibut ions is due t o  the 
circulat ion along the subtropical anticyclonic 
gyre. On the 27.1 isopycnal l eve l ,  we evaluate 
the t r a n s i t  time of the waters from the  northern 
t o  the southern areas as about 7 years,  which 
suggests an advection rate close t o  1 cm s-l 
assuming a purely isopycnal process. 

4 .  A t  depth, the respective influences of the 
Labrador Sea Water and the Mediterranean Water 
a re  noticeable through the tritium data .  The 
Mediterranean outflow seems t o  be an end member 
responsible e i t h e r  f o r  a decrease of the tritium 
contents i n  the north or fo r  an increase i n  the 
south. 

A 3 H e  excess. probably from a hydrothermal 
input,  has been noticed near 30" on the western 
s ide  of the MAR. 

A more quant i ta t ive approach, using a mixing 
model, corroborates these results. The model, run 
without any hypothesis f o r  the c i r cu la t ion  of the 
middepth waters, has shown tha t  t he  3He/3H "age" 
was not adequate f o r  the study of the circulat ion 
t i n e  scales i n  t h i s  area owing t o  the simulta- 
neous influences of vent i la t ion rate, t r a n s i t  
r a t e ,  and mixing. We evaluate two extreme values: 
a ven t i l a t ion  time f o r  the Labrador Sea Water 
equal t o  35 years and a residence time of the 
waters whithin the "shadow" area around 200 
years. 

5 .  

? 
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