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ABSTRACT 

Van Geen, A. and Boyle, A., 190. Variability of trace-metal fluxes through the Strait of Gibraltar. In: L.D. Labeyrie and 
C. Jeandel (Editors), Geochemical Variability in the Oceans, Ice and Sediments. Palaeogeogr., Palaeoclimatol., 
Palaeoecol. (Global Planet. Change Sect.), 89: 65-79.. 

Three water masses originating in the Atlantic and entering the Alboran Sea through the Strait of Gibraltar have 
recently been identified on the basis of salinity and Cu, Ni, Cd and Zn concentrations. The endmembers are (1) Atlantic 
surface water, (2) North Atlantic Central Water and (3) Spanish shelf water. Spanish shelf water is of particular 
relevance to the trace-metal composition of the inflow to the Mediterranean Sea because this water mass is highly 
enriched in Cu, Cd and Zn relative to Atlantic surface water. 

Here, a conservative mixing model is solved for the above Atlantic endmembers, (with the addition of (4) a 
Mediterranean deep-water endmember) by weighted least-squares and shown to be consistent with tracer data for 42 
surface samples collected in April '86 within the Strait of Gibraltar. Sensitivity of the solution to errors in the data and 
the assumptions of the model are discussed in detail. Uncertainties in the proportions of metal-enriched Spanish shelf 
water and NACW are (at most) on the order of 6 and 16%, respectively, and often smaller depending on the composition 
of a given sample. The inversion shows that  Spanish shelf water is present predominantly in the northern half of the 
Strait and contributes up to 55% to Alboran Sea surface samples. 

Determining a representative composition of the inflow is complicated, however, by rapid change in the proportion of 
the three Atlantic endmembers present in the Strait of Gibraltar: entrainment of Spanish shelf water through the Strait 
roughly doubles between April 11 and 17. We show that the timing of collection of these samples minimizes a potential 
bias in endmember distributions simply due to variable tidal currents. The increase in entrainment of Spanish shelf water 
from neap tide to spring tide could, therefore, reflect a significant shift to the north of source waters to the Atlantic 
inflow over the course of a week. The data show that entrainment of Spanish shelf water is a significant source of the 
increased Cu, Cd and Zn concentrations observed in the Mediterranean relative to open Atlantic surface water, and this 
source may even account for the greater part of the Mediterranean enrichments. 

Introduct ion  

Three water masses west of the Strait  of 
Gibraltar show sharp contrasts in trace-metal 
concentrations. Relative to metal-depleted At- 
lantic surface water (1), Spanish coastal water 
(2) is highly enriched in Cu, Cd and Zn. To a 
lesser extent, North Atlantic Central Water (3) 

1 Present address: Department of Civil Engineering, Stan- 
ford University, Stanford, CA 94305, U.S.A. 

is enriched in Ni and Cd (Van Geen et al., 1988; 
Van Geen, 1989). The first goal of this paper is 
to exploit these circumstances to determine the 
distribution of identifiable mixtures of these 
water masses (and Mediterranean deep water 
(4)), in surface waters from the Strait  of Gibral- 
tar collected between April 11 and 19, 1986. The 
second objective is to determine how variability 
in the distribution of Atlantic water masses in 
the Strait  over the course of a week affects 
estimation of the long-term average metal com- 
position of Atlantic flow into the Mediterranean 
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Sea. The justification for examining the com- 
position of the inflow in such detail is that  a 
comparison with the composition of the Medi- 
terranean outflow through the Strait of Gibral- 
tar places constraints on metal inputs (natural 
or anthropogenic) within the Mediterranean 
basin (Spivack et al., 1983). 

The composition of the water masses west of 
the Strait of Gibraltar was recently determined 
on the basis of surface samples and profiles 
collected in March, April and October 1986 (Van 
Geen, 1989). Coastal (dissolved) metal enrich- 
ments in the Gulf of Cadiz due to a shelf-specific 
process or due to simple upwelling of North 
Atlantic Central Water (NACW) were dis- 
tinguished by comparing shelf-water metal- 
salinity relationships in surface waters with 
those determined for vertical profiles collected 
in June '82 and in April '86 (Boyle et al., 1985; 
Van Geen, 1989). The data show that  only part 
of Ni and Cd enrichments over the Spanish shelf 
could be attributed to mixing with deeper water. 
For Cu and Zn, there is no ambiguity since 
levels in Spanish coastal water are more than an 
order of magnitude higher than in Atlantic sub- 
surface water of the same salinity. Shallow metal 
profiles from the Gulf of Cadiz show elevated 
concentrations of Cu, Cd and Zn extending over 
the top 40 m of the water column, suggesting a 
strong shelf-specific enrichment process for these 
elements (Van Geen, 1989). 

The regression model which is applied decom- 
poses each sample into Atlantic surface water, 
Spanish shelf water, NACW and Mediterranean 
deep water by assuming conservative mixing of 
salinity and Cu, Ni, Cd and Zn in the Strait of 
Gibraltar. Sensitivity of results to errors in the 
data or the composition of the endmembers is 
discussed in detail. The main result (which is 
robust) is that  entrainment of Spanish shelf 
water roughly doubled between April 12 and 16. 
This illustrates the problem of determining a 
representative composition for the Atlantic in- 
flow since the same endmember also exerts the 
strongest control on metal concentrations. De- 
spite this source of uncertainty, it remains clear 
that  entrainment of Spanish shelf water could 
explain much of the difference in Cu, Cd and Zn 

concentrations between Mediterranean and 
Atlantic surface water. 

Sampling and analysis  

We present here new data for 42 closely spaced 
surface samples distributed along partly over- 
lapping transects across the Strait of Gibraltar, 
including eastern and western approaches to the 
Strait. Samples were collected as part of the 
Gibraltar Experiment (Kinder and Bryden, 1987) 
on April 11, 12 and 16-19 from USNS Lynch 
with a contamination-free underway-pumping 
apparatus. Salinity and nutrients were de- 
termined using standard techniques (Guildline 
Autosal salinometer and colorimetry, respec- 
tively) described in Strickland and Parsons 
(1968). Trace-metal analyses on 30-ml samples 
followed a resin pre-concentration procedure 
which has been automated (Van Geen and Boyle, 
1990). All samples concentrates were analysed 
by graphite-furnace atomic absorption spec- 
troscopy (Perkin-Elmer Zeeman 5000 and HGA 
500). One-sigma precision for this data set is 5% 
or 0.2 n M  for Cu and Ni whichever is larger, 6% 
or 6 pM for Cd and 6% or 0.3 n M  for Zn. Blank 
corrections average 0.1 nM, 0.05 nM, < 1 pM 
and 0.3 n M  for Cu, Ni, Cd and Zn, respectively. 

The conservative mixing model 

Even though non-conservative processes play 
a role in determining the composition of water 
masses west of the Strait, it turns out that  
systematic metal-salinity and metal-metal rela- 
tionships allow us to describe vertical and lateral 
variations in composition in the Gulf of Cadiz as 
the result of conservative mixing (Van Geen, 
1989). As indicated by endmember compositions 
in Table 1, Atlantic surface water is depleted in 
all trace metals. Given the continuum of linear 
salinity-trace-metal relationships over the shelf, 
Spanish shelf water is somewhat arbitrarily de- 
fined by a salinity of 36.0 %~ and corresponding 
Cu, Ni, Cd and Zn concentrations. This com- 
position corresponds to water found at the 
north-west entrance to the Strait. Mediter- 
ranean deep water, defined on the basis of a 
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TABLE 1 

Model matrix A contains the composition of the 4 endmembers of the regression. The standard error column is a measure of the 
degree to which each tracer contributes to the best fit solution for each sample 

Atlantic Spanish NACW Mediter. Standard 
surface shelf deep error 

Salinity (%~) 36.30 36.00 35.70 38.45 0.1 
Cu (nM) 1.0 6.6 1.3 1.9 0.33 
Ni (nM) 2.2 3.4 2.6 4.6 0.33 
Cd (pM) 30 190 135 77 10 
Zn (nM) 0.8 21.0 1.5 4.8 1.0 
Closure 1 1 1 1 0.001 

profile collected in June '82 (Boyle et al., 1985) is 
added to the list of endmembers in order to 
describe stations in the Western Alboran Sea 
where this water mass outcrops at  the surface. 
Endmember  definitions have been revised rela- 
tive to earlier work (Van Geen et al., 1988) based 
on a more extensive data  set (Van Geen, 1989). 
The main differences are tha t  Cu and Cd con- 
centrations were decreased relative to Zn by 39 
and 27%, respectively, for the definition of "100 
%" Spanish shelf water, and tha t  the Cd con- 
centration in Atlantic surface water was in- 
creased from 20 to 30 pM. Nutrients  and tem- 
perature cannot  be used to determine endmem- 
ber contributions in this situation since these 
tracers are highly non-conservative in surface 
water. 

Assuming conservative mixing of salinity and 
trace metals, each surface sample in the Strai t  
of Gibraltar (locations in Fig. 1; tracer data  in 
Appendix) can be described as a linear combina- 
tion of four distinct endmembers. In this expres- 
sion, the weight of an endmember is the fraction 
of the total sample contributed by each source. 
In matrix notation, this relationship is expressed 
a s :  

A - [ = d  (1) 

where A is the (6 .4 )  model matrix whose top 
five rows contain the tracer composition of each 
endmember ( =  Table 1), (6 .1 )  vector d contains 
the composition of a specific sample and [ is a 
(4 * 1) vector whose four elements are the frac- 
tions of each contributing source which we want  
to estimate (Mackas et al., 1987). The fractions 
can not  be negative and must  sum to unity:  a 

final line of factors equal to one added to the 
model matrix and to each column-data  vector 
expresses this additional closure condition. The 
system is over-determined since there are 4 un- 
knowns (the endmember fractions) and 6 linear 
equations (one for each tracer + the closure con- 
dition). 

The solution need not match  the data  per- 
fectly due to analytical errors and "real-world" 
deviations from the model. For each tracer, a 
residual is defined as the difference between 
observed and model-predicted data. Assuming 
the data  follow Gaussian statistics, the best fit 
to each set of equations corresponding to a sam- 
ple is obtained by minimizing the sum of the 
squared residuals (i.e., the L 2 norm, Menke, 
1984). However, residuals must  first be normal- 
ized with respect to each other  by giving proper 
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Fig. 1. Sample locations in the Strait of Gibraltar. Open 
circles correspond to samples collected April 11-12 (italics), 
filled dots to April 16-19. Isobaths at 50- and 200-m depth. 
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TABLE 2 

Variance normalized model matrix A w 
errors listed in Table 1 

A. VAN GEEN AND E. BOYLE 

= W . A .  Weight matrix W is diagonal and composed of the inverses of the s tandard 

Atlantic Spanish NACW Mediter. Standard 
surface shelf deep error 

Salinity (%) 363 360 357 384.5 1 
Cu (nM) 3.0 19.8 3.9 5.7 1 
Ni (nM) 6.6 10.2 7.8 13.8 1 
Cd (pM) 3 19 13.5 7.7 1 
Zn (nM) 0.8 21 1.5 4.8 1 
Closure 1000 1000 1000 1000 1 

weights to each tracer  equation. This is achieved 
by dividing all t racer values by their  respective 
est imated s tandard errors which are also listed 
in Table 1. Error  estimates are greater than  
(salinity) or comparable to (trace metals) ana- 
lytical errors and represent the degree to which 
the model is required to fit the  data  for a given 
tracer. If W is a diagonal matr ix  composed of 
the inverse of est imated uncertainties for each 
tracer, the weighted model matr ix  becomes A w 
= W.A (Table 2). Similarly, t racer  data  at  each 
stat ion are converted to d w = W . d .  By this 
transformation,  the variance of each t racer  
da tum is, by definition, equal to one. Assuming 
errors in the data  are uncorrelated (not neces- 
sarily true for "real-world" errors), off-diagonal 
elements of the data  covariance matr ix  are set 
to zero. The  closure condition is given a high 
weight of 1000, i.e., an error of 0.001, and forces 
the model parameters  to add up to 1 within 0.1% 
for all samples. In contrast  to the t racer  equa- 
tions, there is no justification for leaving any 
"slack" to the closure condition. 

The  least-squares solution to equation (1) for 
each surface sample is: 

t -1  
/ =  (Aw 'Aw)  " A t w ' d w  . (2) 

Taking the additional inequality constraints into 
account, an i terative solution is found using the 
Kuhn-Tucker  theorem (Menke, 1984). By this 
procedure, if the unconstrained best fit  requires 
one of the endmember  fractions to become nega- 
tive, the solution becomes the next  best fit  with 
tha t  fraction set to zero. This simple program 
was applied to each sample on a Tektronix 4052 

computer.  Matr ix  inverses are calculated by a 
supplied subroutine based on Gauss-Jordan tri- 
angularization. Before discussing in detail the  
distr ibution of the four endmembers  in the St ra i t  
of Gibral tar  and the Alboran Sea, the uncer- 
t a in ty  in these solutions must  be estimated. 

H o w  r o b u s t  are  t h e  s o l u t i o n s ?  

Since bo th  the model matr ix  A and the da ta  
d were premultiplied by  the weight matr ix  W in 
the expression of the generalized inverse, the 
data  covariance matr ix  becomes the ident i ty  
matrix. How errors in the  da ta  are amplified as 
uncer ta in ty  in the model parameters  can be 

TABLE 3 

Model parameter  covariance matrix cov [, calculated from 
eqn. (3) in text. In parentheses under diagonal terms are 
square roots of the variances, and under off-diagonal terms 
the correlation coefficients 

Atlantic Spanish NACW Mediter. 
Surface shelf deep 

Atlantic 0.0134 0.0023 - 0.0117 - 0.0040 
Surface (12%) ( + 0.46) ( - 0.90) ( - 0.69) 

Spanish 0.0019 - 0.0033 - 0.0010 
shelf (4.4%) ( - 0.67) ( - 0.46) 

NACW 0.0126 0.0024 
(11%) (+0.43) 

Mediter- 
ranean 0.0025 
deep (5.0%) 
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estimated from the unit covariance matrix of 
the model parameters: 

cov f =  ( A  t . A w ) - '  (3) 

Diagonal elements of cov f (see Table 3) are the 
variances of the model parameters. The uncer- 
tainty in each model parameter is estimated 
from the square root of the variance: 12% for 
Atlantic surface water, 4% for Spanish shelf 
water, 11% for NACW and 5% for Mediter- 
ranean deep water. These estimates depend on 
the structure of the model matrix and not on 
the composition of a specific sample. Non-zero 
off-diagonal terms of the covariance matrix indi- 
cate that the model parameters are not mutu- 
ally independent. Atlantic surface water and 
NACW, for instance, are highly anti-correlated 
(r  = - 0.90). 

The dynamic range separating endmembers 
for each tracer (A w) is compared on a variance- 
normalized scale in Figure 2. The greater the 
range for a given tracer, the more useful it will 
be in resolving endmember contributions. Salin- 
ity dominates the estimate for the fraction of 
deep Mediterranean water, Zn and Cu dominate 
the estimate for the shelf endmember fraction, 
and Cd best resolves the deep Atlantic contribu- 
tion after correction for Cd of shelf origin. 

The contribution of each tracer to the solu- 
tion can be illustrated quantitatively be remov- 
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Fig. 2. Range of tracer composition of endmerabers for 
normalized model matrix (Table 2). Value of endmember 
with lowest concentration was subtracted for each tracer. 
Indices correspond to (1) Atlantic surface water, (2) Spanish 
shelf water, (3) NACW, (4) Mediterranean deep water. 

TABLE 4 

Sensitivity of uncertainty in each endmember contribution 
(%) to disregarding each tracer in turn. Standard errors 
calculated from eqn. (3) 

Atlantic Spanish NACW Mediter. 
Surface shelf deep 

All 5 tracers 
+ closure 12 4 11 5 

no salinity 14 5 12 16 
no Cu 12 6 12 5 
no Ni 12 4 11 5 
no Cd 43 5 38 10 
no Zn 12 7 13 5 

All tracers 
No Med. water  8 4 10 - 

ing the constraint imposed by each tracer in 
turn. Standard errors for each model parameter 
are calculated from the modified covariance ma- 
trix (Table 4). This procedure quantifies the role 
of each tracer in determining the solution which 
was discussed qualitatively earlier. Without the 
salinity constraint, uncertainty in the Mediter- 
ranean contribution increases by a factor of three 
to 16%. Estimates of Atlantic surface and NACW 
contributions are strongly dependent on the Cd 
constraint: uncertainties increase to 43 and 38%, 
respectively, when neglecting this tracer. The 
contribution of the final endmember, Spanish 
shelf water, is better constrained than other 
members. Removal of either Cu or Zn does not 
significantly affect the variance of the solution. 
This indicates that, of these two tracers, one is 
redundant because of strong Cu and Zn enrich- 
ments in the same endmember. 

The model parameter covariance matrix can 
be decomposed in greater detail by calculating 
the redistribution of endmember fractions due 
to a one standard error unit change in each 
tracer datum. The following expression is de- 
rived from equation (2): 

- A . ( A t . A  ) 1 (4) 
~d 

(subscript w becomes implicit) 

Table 5 contains this (6 .4)  matrix (neglecting 
the closure condition) and lists individual 
changes in endmember fractions. Again, the 
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T A B L E  5 

E n d m e m b e r  r e d i s t r i b u t i o n  ( in %) fo r  o n e  s t a n d a r d  e r r o r  u n i t  

c h a n g e  ( T a b l e  1) in  e a c h  t r a c e r  d a t u m :  ~[/Od c a l c u l a t e d  

f r o m  eqn .  (4) 

A t l a n t i c  S p a n i s h  N A C W  M e d i t e r r a n e a n  

S u r f a c e  she l f  d e e p  

S a l i n i t y  - 1.8 - 0.6 - 1.3 3.8 

C u  1.7 2.7 - 3.7 - 0.7 

Ni  - 3.4 - 0.4 2.0 1.8 

C d  - 10.5 - 0.8 9.2 2.1 

Zn  2.2 3.3 - 4.7 - 0.8 

Atlantic surface contribution is most sensitive to 
a change in Cd concentration of a sample (a 10% 
decrease for a + 10 pM change in concentration), 
Spanish shelf water to Zn (+3.3% for + 1 nM),  
NACW to Cd (+9% for + 10 pM) and Mediter- 
ranean water to salinity (+ 4% for + 0.1%o). 

The dependence of the solution on the as- 
sumptions of the model is more difficult to de- 
termine than the sensitivity to the composition 
of a sample. Assumptions of the model are (1) 
the structure of the model matrix, i.e., the choice 
and composition of endmembers, and (2) con- 
servative mixing. Assumption (2) of the mixing 
model implies the absence of significant external 
input or output mechanisms that  could affect 
dissolved trace-metal concentrations in surface 
water. This is reasonable given the time scale of 
mixing in the Strait (on the order of days) and 
the oceanic geochemistry of trace metals (Bru- 
land, 1983). 

Returning to assumption (1), changes in end- 
member fractions caused by a variation in the 
model matrix do depend on the composition of a 
specific sample. This is in contrast to the uncer- 
tainty in the solution due to errors in the data 
which does not. Van Geen and Boyle 
(manuscript) recently estimated uncertainties for 
the composition of endmembers which are listed 
in Table 6. These estimates are based on the 
variability of composition of single endmembers 
where they can be observed: 40 offshore surface 
samples west of the Strait of Gibraltar for 
Atlantic surface water (Van Geen, 1989), and 11 
samples of Mediterranean deep water (Boyle et 
al., 1985; Sherrell and Boyle, 1988). For end- 

members which are not found in "pure"  form, 
deviations from a simple mixing line with 
Atlantic surface water served to estimate uncer- 
tainties: 30 coastal water samples for Spanish 
shelf water, and a 12-point offshore profile for 
NACW. As shown in Table 6, the largest uncer- 
tainty resides in the composition of Spanish 
shelf water for all 5 tracers. 

Since the propagation of errors due to uncer- 
tainty in tracer concentrations for the endmem- 
bers is cumbersome, changes in endmember com- 
position were applied to two cases which are 
representative of the broad categories of samples 
found in the Strait: the first case contains 80% 
Atlantic surface water and 20% NACW, the sec- 
ond is a 50/50 mixture of Atlantic surface and 
Spanish shelf water. The test employed varies 
the composition of an endmember for each tracer 
in turn by the amount listed in Table 6 and then 
applies equation (2) to obtain the revised en- 
dmember composition. Deviations in endmem- 
ber fractions from the initial mixture (80/20 or 
50/50) for each of the five tracers were then 
squared and summed. In other words, each ent- 
ry of Table 7 expresses the total variability in 
endmember proportion calculated from five sep- 
arate inversions based on a slightly different 
model matrix. 

In the first case (80/20), the effect of changes 
in the definition of Atlantic surface water on the 
solution is roughly 4 times larger than the effect 
of varying the definition of NACW. Contribu- 
tions from either source of error, however, re- 
main below that  estimated from the data covari- 
ance matrix which reflects errors in the composi- 

T A B L E  6 

U n c e r t a i n t y  in  e n d m e m b e r  t r a c e r  c o m p o s i t i o n  e s t i m a t e d  

f r o m  c o m b i n a t i o n  of  n a t u r a l  a n d  a n a l y t i c a l  v a r i a b i l i t y  

A t l a n t i c  S p a n i s h  N A C W  M e d i t e r -  

S u r f a c e  she l f  r a n e a n  

d e e p  

S a l i n i t y  (%0) 0.05 0 .10 0.05 0.05 

C u  ( n M )  0.2 0.5 0.1 0.2 

N i  ( n M )  0.1 0.2 0.2 0.2 

C d  ( p M )  10 20 10 10 

Z n  (n M ) 0.5 2 0.5 0.5 
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TABLE 7 

Simulation results for two combinations of endmembers representative of the Strait of Gibraltar. Composition of contributing 
endmembers was changed by uncertainties listed in Table 6 

Atlantic Spanish NACW Mediterranean 
Surface shelf deep 

Change in composition o[ 
(1) Atlantic surface water 80 ± 7.8 0 ± 1.9 20 ± 7.1 0 ± 2.2 
(2) NACW 80± 2.3 0±0.4 20± 2.1 0±0.6 

Total error (with coy. matrix) + 14% ± 5% ± 13% + 5~ 

Atlantic Spanish NACW Mediterranean 
Surface shelf deep 

Change in composition o[ 
(1) Atlantic surface water 
(2) Spanish shelf water 

Total error (with cov. matrix) 

50± 4.9 50_+1.2 0±  4.5 0±1.4 
50 ± 11. 50 ± 4.0 0 ± 11, 0 + 3.0 

± 17% ± 6% ± 16% + 6% 

The first entry, for example, indicates that for a 80/20% mixture of Atlantic surface water and NACW (sample composition 
calculated from d = A  ,[, the forward problem), (1) changing the tracer composition of Atlantic surface water by the 
uncertainty for each tracer in turn, (2) inverting 5 model matrices revised accordingly and calculating 5 new best-fit solutions for 
the sample whose tracer composition did not change (unlike its endmember composition), (3) summing squares of 5 correspond- 
ing deviations from 80% in Atlantic surface water proportion yields a value with a square root of 0.078 (7.8%). Note that 
endmembers not contributing to the initial mixture (in this case Spanish shelf water and Mediterranean water) were not 
constrained to remain positive in these simulations to avoid reducing the number of contributing endmembers in the inversion 
from 4 to 3, or 2. 

t i on  of a sample .  I n  pr inc ip le ,  such  a s i m u l a t i o n  

shou ld  be a p p l i e d  i n d i v i d u a l l y  to  d e t e r m i n e  t h e  

t o t a l  so lu t ion  u n c e r t a i n t y  for  a specif ic  sample .  

F o r  our  purpose ,  t h e  s u m  of squa red  e r rors  f rom 

t h e  va r ious  sources  for  t he se  two  cases  is suffi-  

c ient .  As shown in T a b l e  7, t h e  u n c e r t a i n t y  in 

a l l  e n d m e m b e r  c o n t r i b u t i o n s  for  a s a m p l e  con- 

t a i n i n g  m a i n l y  su r face  A t l a n t i c  w a t e r  a n d  

N A C W  is inc reased  b y  on ly  1 to  2% re l a t i ve  to  

t h e  c o r r e s p o n d i n g  e s t i m a t e s  f rom t h e  cova r i ance  

m a t r i x  a lone.  A 5 0 / 5 0  m i x t u r e  of A t l a n t i c  

su r face  w a t e r  a n d  S p a n i s h  shelf  wa te r ,  on t h e  

o t h e r  hand ,  is c o n s i d e r a b l y  m o r e  sens i t ive  to  

changes  in e n d m e m b e r  compos i t i on .  V a r i a t i o n s  

in t h e  c o m p o s i t i o n  of S p a n i s h  shelf  w a t e r  have  

an  effect  twice  t h a t  of changes  in t h e  compos i -  

t ion  of A t l a n t i c  sur face  w a t e r  for  t h i s  mix tu re .  

A d d i n g  e s t i m a t e s  f rom t h e  cova r i ance  m a t r i x ,  

t o t a l  u n c e r t a i n t i e s  in t h e  so lu t i on  become  + 17%, 
+ 6%, + 16% and  ± 6% for A t l a n t i c  sur face  wa te r ,  

S p a n i s h  shelf  wa te r ,  N A C W  a n d  M e d i t e r r a n e a n  

wa te r ,  r e spec t ive ly .  T h e  l a s t  sec t ion  of th i s  p a p e r  

shows  t h a t  t he se  r anges  are,  f o r t u n a t e l y ,  sma l l e r  
t h a n  a c t u a l  v a r i a t i o n s  in  e n d m e m b e r  d i s t r i bu -  

t ions  in t h e  S t r a i t  of G i b r a l t a r  as  a func t ion  of 

l oca t i on  a n d  t ime .  

Before  d i scuss ing  t h e  d i s t r i b u t i o n  of end-  

m e m b e r s  in t h e  S t r a i t ,  cons i s t ency  of t h e  m o d e l  

w i t h  m e a s u r e d  t r a c e - m e t a l  c o n c e n t r a t i o n s  is 

e v a l u a t e d  g r a p h i c a l l y  b y  c o m p a r i n g  m e a s u r e d  

a n d  m o d e l - d e r i v e d  t r a c e r  d a t a  for  t h e  se t  of 

su r face  s t a t i o n s  (F igu re  3). H o w  m u c h  w e i g h t  a 

t r a c e r  d a t u m  car r i es  in  i t s  own p r e d i c t i o n  in  t h e  

l e a s t - s q u a r e  so lu t i on  can  be  c a l c u l a t e d  f rom t h e  

(6* 6) d a t a  r e s o l u t i o n  m a t r i x  N (Menke ,  1984) 

w h i c h  r e l a t e s  o b s e r v e d  and  m o d e l - p r e d i c t e d  
d a t a :  d p r e = N . d .  P r e d i c t e d  d a t a ,  d pre, a re  

c a l c u l a t e d  b y  a p p l y i n g  t h e  f o r w a r d  p r o b l e m  to  

e s t i m a t e d  m o d e l  p a r a m e t e r s :  d pr~= A . f .  Sub-  
s t i t u t i o n  f rom (2) y ie lds :  

N = A ' ( A t ' A )  -1 " A  t (5) 

T a b l e  8 l i s t s  t h e  d a t a  r e so lu t i on  m a t r i x  N 

c a l c u l a t e d  for  t h i s  p r o b l e m .  S ince  p r e d i c t e d  d a t a  

a re  t h e  p r o d u c t  of  obse rved  d a t a  b y  t h e  d a t a  
r e so lu t i on  m a t r i x ,  d e v i a t i o n s  f rom t h e  i d e n t i t y  

m a t r i x  i n d i c a t e  t h a t  a p r e d i c t e d  t r a c e r  va lue  is a 

l i nea r  c o m b i n a t i o n  of i t s  own a n d  o t h e r  ob- 
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Fig. 3. Observed vs. model-predicted data from best fit. Diagonal bands indicate + 1 standard error deviation (Table 1) from one 
to one correspondence. 

served tracer values. Diagonal  entries of the 
data resolution matrix are defined as the impor- 
tance of the  data in their own prediction. In 
decreasing order, the importance  of the  closure 
condit ion is 0.99, Cd: 0.94, salinity: 0.93, Zn: 
0.60, Cu: 0.40, and Ni: 0.14. Off-diagonal entries 
are small  for tracers with  a high weight  in their 
own prediction, such as Cd and salinity. Perhaps 
surprisingly, Zn and Cu have a low importance 
relative to their wide dynamic  range. This  is due 
to high co-linearity in the distributions of these 
two tracers which are dominated by the same 
endmember  (Spanish shelf  water,  see also Fig. 
2). Examinat ion  of the off-diagonal term relat- 
ing these two  tracers (0.49) indicates the impor- 

tance of Cu and Zn in their own prediction has 
been replaced by a role in predicting each other. 

In view of the  structure of the data resolution 
matrix, it should be expected that  tracers wi th  a 
high importance,  such as sal inity and Cd, fol low 
a one to one line in Figure 3 within  the  a priori 
error bands. This  is because these tracers a lmost  
independently  determine Mediterranean and 
N A C W  contributions,  and therefore also control  
their own prediction. In contrast ,  tracers that  
are redundant (e.g., Ni vs. all other tracers, or 
Cu vs. Zn) and therefore do not  control  their 
own prediction, provide a verif ication of the  
conservative mixing hypothes i s  as well as the 
composi t ion chosen for the  endmembers .  As it 

T A B L E  8 

Data resolution matrix from e q n .  (5)  

Salinity Cu Ni  Cd Zn 1 

0 . 9 3  - 0 . 0 2  0 . 2 4  - 0 . 0 6  0 .01  0 . 0 2  

0 . 4 0  - 0 . 0 0  0 .01  0 . 4 9  0 .01  

0 . 1 4  0 . 2 3  0 . 0 0  - 0 . 0 8  

0 . 9 4  - 0 .01  0 . 0 2  

0 . 6 0  - 0 .01  

0 . 9 9  

Sal inity  
Cu 
Ni 
Cd 
Zn 
l 
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turns out, residuals are small also for the 
"weaker" tracers. In other words, the model is 
consistent with the data. It  is worth noting that  
endmembers were chosen on the basis of actual 
profiles and surface samples from the Gulf of 
Cadiz and the Alboran Sea, i.e., independently 
of data from the Strait of Gibraltar. 

Distr ibut ion  of endmembers  in the  Strait  of 
Gibraltar 

The four-endmember regression model was 
applied to 42 surface samples from the Strait of 
Gibraltar (results in Appendix). The model ex- 
cludes Mediterranean water from 18 of these 
samples. Where only three (Atlantic) endmem- 
bers are represented, the mixing model changes 
configuration. There are still 6 equations to be 
satisfied in the least-square sense but only three 
unknown model parameters. The new covariance 
matrix for this reduced system decreases the 
uncertainty due to errors in the data for Atlantic 
surface, Spanish shelf water, and NACW to 8%, 
4%, and 10%, respectively (Table 4). Mediter- 
ranean deep-water contributions are greater or 
equal to 10% for only 6 samples (#171, 172, 179, 
180, 181 and 184, see Fig. 1), all in the western 
Alboran Sea where upwelling occurs. 

In April '86 (Fig. 4), surface waters of the 
Strait can be divided in two regions by a 
boundary roughly equidistant from each shore. 
The southern half is rather uniformly composed 
of 90-95% Atlantic surface water and 5-10% 
North Atlantic Central Water. To the north of 
this region, Spanish shelf water becomes the 
dominant contributor: up to 48% within the 
Strait on April 11-12, with sample #178 in the 
Alboran Sea containing as much as 55% Spanish 
shelf water. On April 16-19, the contribution of 
this endmember to surface water roughly dou- 
bles. At the same time, the maximum proportion 
of NACW in the Strait, 40% on April 11 (#144), 
decreases to less than 25% (~243) during the 
second sampling period. Considering the earlier 
estimates of the total uncertainty in Spanish 
shelf water and NACW (at most +6% and 
+16%, respectively), such variations in end- 
member distributions must be real since they 

are confirmed over several samples. It  is worth 
noting that  the two metal-enriched endmembers 
could not have been quantified in surface water 
by standard tracers since both Spanish shelf 
water and NACW are less saline than Atlantic 
surface water. 

Transects at 5°40 ' W and 5°30 ' W on April 
11-12 and 16-17 overlap and are the focus of 
the remaining discussion. Since tidal currents in 
the inflow layer oscillate by as much as ± 200 
cm s 1 around a long-term mean of roughly 40 
cm s- 1 to the east (Pettigrew and Needell, 1989), 
sample location and time of collection must first 
be related to the tidal cycle. Figure 5 shows that  
the transect at 5°40 ' W started from the north 
on both April 11 and 16. In addition, sampling 
started on both occasions within one hour of 
Low Water at Gibraltar (LW) and ended at the 
time of the following High Water (HW). The 
implication is that  samples from overlapping 
locations at 5o40 ' W (Fig. 1) were taken several 
days apart at the same time relative to the 
phase of the diurnal cycle. The situation is simi- 
lar for both sections at 5 ° 30' W even though 
samples were taken from south to north instead: 
both sections started at HW and reached the 
opposite shore at LW. Samples at the same 
location along 5 ° 30' W can, therefore, also be 
compared directly to each other without taking 
into account a bias in endmember distribution 
due to the phase of the tide. The implication of 
this timing is that  changes in the distribution of 
endmembers between April 11-12 and April 16 
17 do not simply reflect variability in tidal cur- 
rents through the Strait  of Gibraltar on the 
time scale of hours. 

If diurnal tidal effects cannot explain varia- 
tions in Spanish shelf water and NACW distri- 
butions between April 11 and 17 given the tim- 
ing of sampling, another possibility is the 
spring-neap cycle. On April 11, the range be- 
tween HW and LW was greatest (0.9 m), with a 
minimum in range following on April 18 (0.3 m). 
Gascard and Richez (1985) discuss in detail 
changes in the distribution of water masses in 
the Strait of Gibraltar between spring and neap 
tide based on measurements of classical tracers, 
temperature and salinity. During spring tide the 
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Fig. 5. a. Proportion of Spanish shelf water for transects at 5°40 ' W and 5°30 ' W on April 11-12 and 16-17 as a function of 
time relative to the tidal cycle at Gibraltar. (neap tide: April 11, spring tide: April 18). Note tha t  first set of transects is centered 

at HW, the second set at LW. 
b. Proportion of NACW for same transects. 
c. Lati tude of sample as a function of time to show streaming direction for each transect and help locate samples. Stat ion 
locations in Fig. 1. The composition of sample 160 is not shown due to its large residual which suggests contamination. 

in the distribution of Spanish shelf water and 
NACW inferred from our tracers? The simplest 
explanation compatible with the observed 
changes is that  between spring tide (April 11) 
and neap tide (April 18), the source area of 
Atlantic water to the inflow shifted to the north, 
hereby entraining a greater proportion of 
Spanish shelf water at the expense of NACW. 
Evidently, greater subsurface penetration of 
NACW in the Strait of Gibraltar at neap tide is 
not traceable in surface water. The link between 
these results and the physical processes control- 
ling the composition of the Atlantic inflow may 
be worth further study. 

A rough estimate of the integrated change in 
composition of the inflow between April 12 and 
17 can be obtained by averaging the contribu- 
tion of Atlantic endmembers across the section 
at 5 °30' W. This approach does not present a 
problem regarding the proportion of entrained 
Spanish shelf water since CTD data of Bray 
(1986) obtained at the time of chemical sampling 
show a well-mixed surface layer in the northern 

portion of the Strait where this endmember 
dominates. The situation is less favorable in the 
case of NACW, particularly in the center and 
southern portion of the Strait. The same set of 
CTD casts indicates that  at the 5o40 ' W sec- 
tion, below a 50-m-thick surface mixed layer, the 
inflow is not homogeneous down to the interface 
with the saline outflow which is 100 m deeper 
(Sta. GBll31, GB 1198). Intrusion of NACW 
causes a salinity minimum at approximately 
90-m depth. At 5 o 30' W, the interface becomes 
shallower and the surface layer is vertically ho- 
mogeneous on April 12, but not on April 17 
when a salinity minimum is visible again. This 
concurs with the observation of Gascard and 
Richez (1985) discussed earlier regarding the 
penetration of NACW. One implication is that  
surface samples may underestimate the propor- 
tion of NACW entering the Alboran Sea during 
neap tide. The main problem with this estima- 
tion of the composition of the inflow, however, is 
that  the current across a section of the Strait is 
not homogeneous and varies with time. If veloci- 
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T A B L E  9 

Es t ima te  of composit ion of the  At lant ic  inflow at  5030 , W 
calculated by averaging contr ibut ions  of Atlant ic  endmem-  
hers  to surface samples  of the  Stra i t  of Gibraltar.  Excluding 
small  contr ibut ions  of Medi te r ranean  water  yields, respec- 
tively, for Atlant ic  surface water,  Spanish  shelf water  and 
NACW: 74.2, 11.3, 14.5% on April 12, 63.8, 25.4, 10.8% on 
April 16. 

April 12 April 16 

Sal ini ty ( ~ )  36.18 36.09 
Cu ( n M )  1.7 2.4 
Ni ( n M )  2.4 2.5 
Cd (p(M))  63 82 
Zn(n(M))  3.2 6.0 

ties were higher in the northern part of the 
Strait, for instance, the proportion of Spanish 
shelf water entering the Mediterranean (and 
hence the flux of Cu, Cd and Zn) would be 
underestimated. 

Despite these limitations, endmember averag- 
ing across the Strait at 5 ° 30' W for both April 
12 and 16 and translation into tracer concentra- 
tions illustrates a simple point (Table 9). The 
range in Cu, Cd and Zn concentrations (1.6-2.2 
nM, 59-79 pM and 3.0-5.8 nM, respectively) 
between the two sampling times is mostly due to 
the 11-25% variation in average Spanish shelf- 
water entrainment. It is worth noting also that  
Cu, Cd and Zn concentrations of the Mediter- 
ranean outflow (Table 1) are well within the 
range of variability in the composition of the 
inflow on the time scale of days which is esti- 
mated here. Ni concentrations in the outflow, on 
the other hand, are clearly elevated relative to 
the composition of the inflow. The uncertainty 
in the mean inflow concentration of this element 
is also lower than for other trace metals since Ni 
is not significantly enriched in Spanish shelf 
water. 

Conclus ion  

Distributions of dissolved constituents Cu, Ni, 
Cd, Zn and salinity in the Strait of Gibraltar are 
consistent with conservative mixing of water 
masses contributing to the Atlantic inflow. These 
three water masses, (1) Atlantic surface water, 
(2) Spanish shelf water and (3) NACW, are also 

traceable in the western Alboran Sea. In the 
Alboran Sea, Mediterranean deep water must be 
added to the set of contributing endmembers. 

A detailed error analysis and sensitivity study 
shows that  the contribution of metal-enriched 
endmembers, Spanish shelf water and NACW 
are constrained (at worst) to +6 and +16% 
which compares favourably with variability in 
the Strait of Gibraltar ranging from 0% to 100% 
and 50%, respectively. While the mixing model is 
not strictly needed to determine the composi- 
tion of the inflow, its successful application does 
bring forth systematic patterns in the distribu- 
tion of trace metals, in particular, the strong 
presence of Spanish shelf water in the northern 
Strait of Gibraltar. The data suggest a signifi- 
cant shift to the north of Atlantic source waters 
to the inflow between spring tide and neap tide. 

We have also shown that  the main source of 
uncertainty in determining the mean composi- 
tion of the inflow in this region is due to spatial 
and temporal variability of entrainment of 
Spanish shelf water. Based on samples taken 
one week apart in April '86, short-term varia- 
tions in the composition of the inflow straddle 
the composition of the Mediterranean outflow. 
Such variability, combined with changes in the 
current pattern caused by the tidal cycle on 
even shorter time scales (hours), illustrates the 
difficulty in obtaining a representative composi- 
tion of the inflow which can be compared to 
that  of the outflow. 

Surface samples from the Alboran Sea taken 
previously in June '82 (Van Geen et al., 1988) 
and later in October '86 (Van Geen, 1989) also 
show significant variations in the contribution 
of Spanish shelf water in the Alboran Sea. Such 
variability may be related to seasonal changes in 
the structure of the inflow discussed by Bor- 
mans et al. (1986) and compounds the problem 
of determining a representative inflow composi- 
tion. Comparison of the composition of surface 
water in the Alboran Sea between June '82, 
April '86 and October '86 does suggest, however, 
that  despite high frequency modulation in in- 
flow composition (discussed in the present 
paper), Spanish shelf water remains a significant 
contributor over time scales of months to years. 
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F r o m  the  range  of me t a l  inflow concen t r a t i ons  

re la t ive  to the  compos i t ion  of the  outflow, i t  

appea r s  t h a t  i n t e r n a l  sources w i th in  the  Medi-  

t e r r a n e a n  bas in  m u s t  be the  m a j o r  ne t  con t r ibu-  

tors  to the  wa te r  c o l u m n  only  for Ni; i t  is 

possible t h a t  for Cu, Zn, and  Cd, the  inflow 

provides  mos t  of the  ne t  flux i n to  the  Medi ter -  

r anean .  Such  resul t s  place s t rong  cons t r a in t s  on 

the  re la t ive  m a g n i t u d e  of sources (rivers and  

aerosols) and  s inks  (scavenging of Cu, Ni, Cd 

a n d  Zn) in the  M e d i t e r r a n e a n  Sea (Van Geen,  

1989). 

Over  even longer  t ime  scales, c l imate  change  

m a y  have  affected source waters  for the  inflow 

and  therefore  the  compos i t ion  of the  Medi ter -  

r anean .  Lower ing  of sea level d u r i n g  glacial t ime  

would  have exposed the  A t l a n t i c  Span i sh  shelf 

a n d  l imi ted  processes which  give rise t oday  to 

very  high dissolved me ta l  concen t r a t i ons  in  t h a t  

region. Given  the  shor t  res idence t ime  of wa te r  

in the  M e d i t e r r a n e a n  re la t ive  to  the  inflow (100 

years),  such a s ignal  could be looked for in b o t h  

p l a n k t o n i c  and  ben th i c  fo ramin i fe ra  of the  

M e d i t e r r a n e a n  if shells of these  organisms  re- 

flect a m b i e n t  me ta l  c o n c e n t r a t i o n s  (Boyle, 1981). 
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APPENDIX 1A 
Time of collection, location and composition of 42 samples 
within the Strait of Gibraltar, including western and eastern 
approaches to the Strait. Silicate and phosphate concentra- 
tions in/~M, Cu, Ni and Zn in nM, Cd in pM. End-member 
fractions obtained by linear regression discussed in text. Five 
tracers were used for inversion of each sample composition. 
Residual column lists sum of squared residuals in variance 
normalized standard error units (eg. for salinity, one unit 
corresponds to 0.1%o). A sample whose composition agrees 
within one standard error with model-derived concentra- 
tions for all five tracers has a total residual _< 5. In this data 
set, only 3 samples residuals > 5 : ~ 1 6 0  (12.5), 170 (6.2) and 
259 (5.8). 

Station Date GMT Latitude Longitude Silicate Phosphate 

144 Apri l  11th 2 1 : 5 2  36 
148 2 2 : 3 6  35 
151 2 3 : 1 8  35 
154 Apri l  12th 0 0 : 1 2  35 
157 0 0 : 5 5  35 
160 0 2 : 1 6  35 
165 0 4 : 4 0  35 
166 0 8 : 4 3  35 
167 0 7 : 0 0  35 
168 0 8 : 2 3  35 
169 0 9 : 4 6  36 
170 10 :32  36 
171 12 :40  35 
172 13 :00  35 
173 13 :33  35 
175 14 :54  35 
176 16 :00  35 
177 17 :07  36 
178 18 :04  36 
179 18 :29  36 
180 19 :36  36 
181 19 :56  36 
184 2 2 : 0 4  36 
239  Apri l  16th 17 :18  35 
240 18 :00  35 
241 19 :00  35 
242 2 0 : 0 6  35 
243 2 1 : 2 8  36 
244 2 2 : 3 0  36 
245  Apri l  17th 0 0 : 1 2  36 
246 0 0 : 5 0  35 
247 0 1 : 3 4  35 
248 0 2 : 3 5  35 
249 0 3 : 1 9  35 
281 0 4 3 6  35 
253 Apri l  18th 2 2 1 5  35 
284 2 2 3 5  35 
258  2 3 2 7  35 
256 Apri l  19Ih 0 0 : 2 0  35 
257 0 2 : 0 0  36 
258 02:41 36 
259  0 3 : 2 2  36 

0 - 5  
59 -5  
57 5 
56 -5  
54 -5  
52 -5  
56 -5  
57 5 
58 - 5  
59 5 

1 -5  
2 - 5  

51 -5  
52 5 
53 5 
56 - 5  
58 -5  

0 5 
2 5 
4 5 
5 5 
6 5 

11 5 
56 5 
87 5 
58 5 
59 5 

1 5 
2 5 
0 5 

58 5 
57 8 
56 5 
54 5 
52 5 
52 5 
53 5 
56 5 
57 5 

0 5 
2 5 
4 5 

38 1 5 0 ,20  
39 0 8  0 .08  
39 1 0 0 1 0  
39 0 .9  0 .19  
37 2 7  0 .10  
39 1.4 0 .16  
28 1 0  0 13 
27 1 4 0 1 3  
28 1 6 0 1 8  
28 1 7  0 14 
28 1 8 0 1 7  
28 1 5  0 1 9  
19 1 2  0 .09  
17 1 1  0 .08  
15 1.2 0 .10  
13 1.2 0 .12  
14 1 1  0.12 
16 1.3 O 12 
16 1 4 0 2 0  
13 2 1 0 .19  
14 2 4 0 .22  
16 3 2 0 2 2  
16 3 2  0 1 7  
27 0 8  0 ,14  
28 0 9  0 .13  
28 0 .08  
28 0 0 9  
28 0 .17  
28 0 .23  
40 0 .38  
39 0 2 2  
39 0 1 0  
40 0 0 5  
39 0 1 2  
39 0 1 6  
53 
53 0 0 6  
52 0 .20  
50 0 8 0 .24  
51 0 8  0 .07  
50 1 3 0 .20  
50 1.5 0 1 5  
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A P P E N D I X  1B 

Stat ion Salinity Cu Ni Cd Zn S u r f A t i  Shel f  NACW M e d i t  

144 3 6 1 3 1  3 3  2 7  150 1 1 4  
148 3 6 0 9 1  1 8  2 .7  91 5 5  
151 36 161 1.4 2 .8  64 2 0 
154 36 285 0 9  2 1  29 0 8 
157 36 285 1.2 2 0 47 1 0  
160 36 282 1 2  2 2 95 6 1 
165 36 253 0 9  2 5  31 0 9 
166 36 251 0 9  2 5  30 1 0  
167 36 267 0 9 2 4  35 0 8 
168 36 231 2 1 2 3 79 5 6 
169 3 6 1 8 1  1.5 2 3  83 3 2 
170 36 215 2 5  2 3  124 7 6  
171 36 409 1 7  2 9 66 4 0 
172 36 354 2 .6  3 1  11:7 4 6  
173 3 6 3 5 6  1 7 2 6 52 4 2 
175 36 299 1 1  2 5  40 1.8 
176 36 218 1 2  2 5  42 1.6 
177 36 193 1 4  2 6 83 2 4  
178 36 063 3 .5  2 8  144 1 2 7  
179 3 6 4 0 0  3 4  3 2  100 8 5  
180 3 6 6 9 3  2 4  3 8  106 7 0  
181 3 6 2 8 4  2 6  3 7  110 7 6 
184 3 7 7 4 2  2.1 4 .0  97 7 1  
239 36 282 1 0 2 6 42 2 2  
240 3 6 . 2 8 3  1.0 2 4  39 1 6 
241 3 6 2 8 0  1 0 2 7  35 1.7 
242 36 143 1 6  2 7  65 4 0  
243 36 051 3 5 2 7  124 9 2  
244 3 6 0 6 0  5 0  3 .4  163 17 8 
245 36.061 5 0  2 .9  167 1 4 6  
246 3 6 0 5 4  6.1 3 .6  204 20 9 
247 3 6 0 3 8  3 3  2 9  116 11 8 
248 3 6 3 4 7  1 1 2.5 35 2 2  
249 3 6 2 4 5  1 5 2 5  43 1.7 
251 3 6 1 6 7  1.5 2 4  50 1.7 
253 3 6 2 9 8  1 1  2 6 34 1 6 
254 3 6 2 1 4  1.0 2 6  41 1.1 
255 3 6 2 3 4  0 9 2 8  38 0 7  
256 3 6 1 5 3  1 4  2 7 45 1 7  
257 3 6 0 7 4  2 0 2 6  80  4.9 
258 3 6 . 0 2 9  4 .3  3 0  135 1 4 1  
259 3 6 . 0 8 6  6.1 3 1 211 21 3 

Residual 

0 .04  0 4 7  0 4 0  0 0 9  2 0 
0 4 7  0 1 9  0 3 1  0 0 3  1 5  
0 6 3  0 0 5  0 28 0 0 4  3 0  
0 9 9  0 0 0  0 01 0 0 0  0 0 
0 .83  0 0 2  0 1 2  0 .02  0 5 
0 4 3  0 1 5  0 33 0 0 9  9 7 
0 9 4  0 O0 0 0 5  0 01 2 1  
0 9 5  0 O0 0.04 0 0 1  2 2 
0 9 1  0 0 0  0 .07  0 02 11 
0 62 0 2 3  0 1 2  0 .03  O '  
0 73 0 11 0 16 0 0 0  0 0 
0 22 0 3 0  0 39 0 0 9  3 2 
0 .62  0 .13  0 1 3  0 12 I 7 
0 13 0 19 0 4 9  0 2 0  3 1 
0 7 9  0 15 0 O0 0 06 0 9 
0 .88 0 0 4  0 0 6  0 03 0 7 
0 87 0 04 0 0 9  0 0 1  1 0 
0 .77  0 0 7  0 1 4  0 02 1 8 
0 1 5  0 5 4  0 .27  0 0 4  1 8  
0 4 2  0 3 9  0 0 6  0 1 3  2 5  
0 17 0 23 0 28 0 3 1  2 2 
0 2 1  0 2 9  0 3 3  0 1 7  8 9  
0 0 1  0 .14  0 1 2  0.73 0 8 
0 84 0.04 0 0 8  0 04 2 4 
0 8 8  0 0 2  0 07 0 .03  0 g 
0 9 1  0 03 0 0 4  0 0 3  2 8 
0 .69  0 14 0 1 6  0.01 2 3 
0 .30  0 4 4  0 .25  0 0 2  0 8 
0 0 9  0 82 0 0 5  0 03 2 0 
0 02 0 71 0 2 2  0 0 4  1.0 
0 0 0  1 0 0  0 0 0  0 0 0  5 1 
0 40 0 5 1  0 0 9  0 0 0  2 0 
O 91 0 05 0 0 0  0 0 4  1 5  
0 8 7  0 07 0 0 5  0 0 1  1 9 
0.81 0.07 0 1 3  0 O0 1 4 
0.91 0 0 3  0 0 2  0 0 3  2 4  
0 8 4  0 0 1  0 1 3  0 02 2 5 
0 8 7  0 O0 0 11 0 0 2  3 9 
0 8 3  0 0 6  0 11 0 0 0  4 0 
0 5 8  0 20 0 2 2  0 0 Q  0 9 
0 2 9  0 6 6  0 0 5  0 O0 0 7 
0 0 0  1 O 0  0 .00  0 00 7 4 

Note added in proof 
(Candela et al. (1989) find that 12% of the variance in transport through the Strait is modulated by the spring-neap cycle. 
Greater entrainment of Spanish shelf water on April 16-17 could therefore reflect the observed increase in exchange of waters 
between the Atlantic and the Mediterranean at neap tides. 
0921-8181/90/$03.50 © 1990 - Elsevier Science Publishers B.V. 


