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Abstract - Water masses and their properties have been studied in the Mauritian waters during
September-October, 1987. Surface water is characterized by two water masses: i) a warm (temp.
>27°C) and relatively saline water (salinity >353x 10°) which appears to be centred between 10°
and 13°S Lat., has low density (0s ) lying betwem 229 and 23.3, low concentration of nutrients and
high dissolved oxygen content (45 - 5.0mll’ 1), and (ii) a cold (temp. <25°C) and less saline water
(salinity <34.8 x 10" §) centred around 14 - 16° $ Lat. which is also characterized by low density {(ge
23.2-23.5), low nutrients and high dissolved oxygen concentration.

,At intermediate depths three main water masses could be identified: (i) Salinity Maximum Water
with salinities ranging from 35.05 to 35.64 x 10 in the thermodline just below the surface mixed
layer in the density range (Ge ) 24.8 - 26.0. It is associated with shaliow oxygen minimum and
relatively higher concentration of nutrients, (ii) Oxygen Maximum Water in the depth range 400 -
500m with oxygen concentrations in the range 3.4 - 5.2ml. I and density (08 ) 265 - 27.0. Itis
associated with relatively Jower concentration of nutrients, and (iii) Saluury Minimum Water in the
depth range 600 - 950m with salinity varying between 34.58 and 34.73 x 102 and temperature 6.1 -
7.8°C. It has high concentrations of nutrients and low dissolved oxygen content.

Properties of these waters and their sources have been discussed: An attempt has been made to use
AOQU as atool to study the movement and properties of water masses that are formed at sea surface.

INTRODUCTION

This paper gives an account of the chemical observations carried out during the
oceanographic survey of the EEZ of Mauritius on ORV SAGAR KANYA (Sept.15 -
Oct.12, 1987) on the water mass structure and property distributions.

MATERIAL AND METHODS

Water samples were collected from standard depths (Fig.1) of upto 2500m using
Nansen samplers having reversing thermometers. Temperature was read from the
reversing protected and unprotected thermometers which enabled to apply the necessary
correction to depths. Salinity was measured on Guildline "Autosal” salinometer while
the nutrients nitrate, nitrite and silicate were estimated using Skalar Autoanalyser.
Phosphate was analysed by the method of MURPHY and RILEY (1962). Dissolved
oxygen was estimated by the modified method of Winkler (CARRITT and CARPENTER,
1966). All the analyses were carried out on board the ship immediately after the
collection.

RESULTS AND DISCUSSION

To illustrate the vertical distribution of properties in this area, profiles of salinity,
temperature, oxygen, nitrate, phosphate and silicate have been drawn for one typical
station on the eastern side of the archipelago, and one station on the western side
(Figs.2&3). In addition vertical profiles of these parameters have been drawn along
a N-S section between 10° and 19°S along 56°E meridian (Figs.4a-4f).
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Fig.1. Map showing station positions
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Fig.2. Vertical profiles of temperature, salinity, oxygen, nitrate, phosphate
and silicate at station SK 35 - 62. '
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Fig.3. Vertical profiles of temperature, salinity, oxygen, nitrate, phosphate
and silicate at station SK 35 - 120
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Surface mixed layer

This layer extends from surface down to about 100m depth and is characterized
by high concentration of dissolved oxygen associated w1th low concentratior of nutrients
(Figs.2,3&4) and salinities ranging between 34. 67x10 and 35.39x10>.  There are two
water masses present in this la ayer (Figs.2,3&4) (i) a warm (temp.>27°C) and relatively
saline water (salinity >35.3x10™) and, (ii) a cooler (temp. <25°C) and fresher (salinity
<34.8x10°%) water. The warm saline water which appears to be centered at around
10°S Lat. spreading upto about 13°S is clearly seen in Figs. 3&4 as a 80m thick layer
of warm saline water overlying fresher and cooler water below. It is characterized
by other properties which are typxcal of tropical surface water, ie., low density ( g0 29
- 23.3), low NO3 (<0.1 pmol.I'™), low PO4 (<0.2 pmol.I’ ) low SiO4 (<0.5 pmol.T’ 1y and
high -concentration of dissolved oxygen (4.5 - 5.0ml.I" 1) which is near its saturation
value. This water was also observed b oy WARREN, STOMMEL and SWALLOW (1966)
in the Somali Basin as far north as 6°N Lat. The latter authors have termed it as a
"band of very warm, fresh, equatorial surface water" stretching across the entire Indian
Ocean. The cooler and fresher water, on the other hand is centered around Lat.14° -

16°S and is also characterized by low density (g 23.1-23.5) low nutrients and high
dissolved oxygen. WARREN (1981a) has suggested two possible sources for this
water (i) influx of low salinity water from the Pacific through the Indonesian Ar-
chipelago which is subsequently carried westwards by South Equatorial Cutrent,
and, (ii) the effect of local excess of precipitation over evaporation resuiting in low
salinity surface water which then spreads southwards, probably aided by South
Equatorial Current.

Intermediate depths (100-1000m)

The intermediate water is marked by the following characteristics: (i) a prominent
salinity maximum just below the surface layer, associated with a shallow oxygen min-
imum, (i) an oxygen maximum, (iii) a salinity minimum, and (iv) an intermediate
oxygen minimum.

Table 1. Depth, temperature, salinity, DO, NO3, PO4 and SiO; of the core

‘Salinity Maximum Water’
Stn Depth Temp S Do NO3 PO4 5104
No. ~ m °c x107°  mi.17t pmol.1! pmoi.1' pmol.17?

35.2 2.90 16.
35.5 3.15 8.
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Salinity maximum

A salinity maximum (35.05-35.64x10%) layer extending from 100m to about 400m
depth is observed in the thermocline just below the surface mixed layer (Figs.2,3&4b).
As seen in the above figures and Table 1 the intensity of the maximum decreases
northwards from over 35.5x10 in the southern stations to just over 35x107 in the
north (stations 95 & 120) where its salinity decreases probably due to mixing with the
low salinity water coming from the Indonesian Archipelago (WARREN, 1981a) carried
westwards by South Equatorial Current (SHARMA, 1972). At station 120 (Lat.10°S)
it is seen as a very faint maximum (Fig.3) almost masked by the high salinity surface
water present at this station. The salinity maximum is strongly associated with a
shallow oxygen minimum whose mtensny increases northwards with oxygen con-
centrations decreasing from 4.35ml. 1! at station 43 (Lat.20°21'S) to as low as 2.50ml.1"
at station 120 (Lat.10°S). Nutrients concentrations in this layer are relatively h1gh
showing increasing trends northwards (Table 1) - NO3 increasing from 5 pmol.l” at
station 43 to 20 umol 1™ at statlon 120, while the corresponding increase in POj is
from 1.0pmol.l™" to 1.45umold”. Silicate does not show any trend in variation in this
layer. WYRTKI (1973} has termed this high salinity water as ‘Subtropical Surface
Water’ while WARREN (1981a) has suggested this water to originate at sea surface in
latitudes 25° to 35°S, the high salinities resulting from excess of evaporation over
precipitation in these latitudes. As this water moves northwards, it diminishes in
strength due to mixing with low salinity water until its presence is almost not felt at
around Lat.10°S. The sharp oxygen minimum which is associated with the salinity
maximum has been explained to be due to the in situ biological consumption of oxygen
(WARREN, 1981a&b). According to the above author the rate of oxygen consumption
decreases exponentially with depth, thus resulting in the oxygen minimum whose
strength increases as the water moves north. As the consumption of oxygen due to
oxidation of organic matter proceeds, inorganic nutrients are released and as the intensity
of oxidation in this layer increases towards north so do the amount of Apparent Oxygen
Utilization (AOU) and the concentration of nutrients. The observed increase in AOU
and the concentration of NO3 and PO4 towards lower latitudes (Table 1) is consistent
with the above.

Oxygen maximum

An oxygen maximum is observed below the salinity maximum, centred at 400 -
500m depth (Figs.2,3&4c) with intensity decreasing northwards (Table 2). The con-
centration of dissolved oxygen in the maximum ranges between 3.4 and 5.2ml. 11, the
highest concentrations observed being in the southernmost stations and decrea51 ng
northwards. The salinity of the oxygen maximum core is in the range 34.82 - 35.20x10™.
The oxygen maximum is associated wnth relatively lower Concentranons of nitrate (10-
30umol.I™), phosphate (0.5- 1.55umol.l’ 1y and silicate (4- 29pmol.T?), the lowest con-
centrations being in the southernmost stations and showing increasing trend towards
north. As is seen in Fig.4c the oxygen maximum is strongly developed in the southern
latitudes and weakens as the water moves northwards. The oxygen maximum lies in
the temperature range 8-14°C and is believed to be formed by a deep vertical convection
in Lat.40° 50%5. MCCARTNEY (1977) showed that in late winter the surface mixed
layer in these latitudes extends upto 400-500m. As this water moves northwards it
sinks below the lighter, salinity maximum water and loses part of its oxygen due to
oxidation of organic matter with the liberation of inorganic nutrients in lower latitudes.
The relatively lower concentration of nutrients associated with low AOU values and
high Oz concentration in a water layer well below the euphotic zone in southern stations
suggests that this water has overturned relatively recently from the surface layer, while
in lower latitudes the same water shows lower O2 concentration associated with higher
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AOU and higher nuttients thus suggesting longer transit time of thls water since it
left the surface at the place of its formation.

Table 2. Depth, temperature, sahmty, DO, NO,;, PO4 & Si04 of the core

‘Oxygen Maximum Water',

Stn. Depth. Temp S DO - NO3 POq 7 8104
No. m °c x107° mI.17'  pgmol.l17! umol 17 pmol,17?t
43 550 11.7 34.90 5.20 10.4 0.95 o=
55 400 12.6 35.20 5.00 10.0 0.50 .17.0
62 - 510 10.3 34.91  5.00 17.5 1.25 5.0
63 400 13.3 ° 35.21- 4.25 13.0 1.05 9.0
69 400 10.6 34.95 4.85 16.0 1.05 5.0
16 580 9,3 34.76 4.90 16.5 1.30 8.0
81 470 9.4 34.82 . 3.39 21.6° 1.52 22.0
86 500 10.4 . 34.89 5.05 7.0 1.00 5.0
93 450 10.5 34.82 4.60 24.0 1.35 18.0
95 420 10.6 34.85 3.8% 30,0 1.35 21.0
99 340 11,5 34.98  3.40 20.5 1.55 21.0

‘104~ 275 12.1 35.05 3,75 14.0 1.20 -

126 270 11.7  34.98 3.50 20.5 “1.45 29.0

123 375 10.4 34.86 4.00 17.0 1.35 17.0

130 467 10.6 34.89 4,97 16.0 1.00 5.2

132 470 10.4 34.86 5.05 16.0 1.05 4.0
Table 3. Depth, temperature, salinity, DO, NO3, PO3 & SiO4 of the core

‘Salinity Minimum Water’.

Stn, Depth Temp [ DO NOy - PO4 SiQg
No.. m °¢ %107 ml.1™h pmol. .17l pmol.l! pmel.17?
43 760 7.30 34.58 4.60 25.0 1.85 -
62 700 7.80 34.66 3.55 33.0 1.95 31.4
63 500 7.50 34.69  °3.30 31.0 2.10 36.0
63 600 7.80 24.68 . 4.00 . 28.0 1.60 28.0
76 750 6.80 34.58 3.70 28.0 2.00 40.0
81 740 6.70 34.73 2.56 30.0 2.37 64°.0
86 €80 8.00 34.69 3.85 10.1 2.05 20.0
90 720 6.70 34.73  2.66 39.2 2.41 78.0
93 690 7.20 - 34.73  2.55 39.5 2.35 68.0
95 670 7.28 34.72 2.63 - 2.11 64.0
99 730 7.15 34.73 2.00 36.5 2.00 77.0

104 550 7.85 34.71 2.20 26.5 2.20 -

120 730 7,10 34,76 2,20 32.5 2.30 70.0

126 800 6.80  34.69 3.00 28.0 2.20 42,0

130 945  7.00 34.68 2.85 38.8 2.19 56.8

131 740 6.10 34.60 3.30 34.0 1.95 39.0

Salinity minimum

Below the oxygen maximum there is a salinity minimum in the depth range of
600-950m (Table 3, and Figs.2,3&4b). The salinity of the core water lies in the range
34.58-34.73x10° and temperature 6.1-7.8°C. The other characteristics of this water are:
comparatively lower oxygen concentrations (2— 3.7mLI"")associated with Iugher nutrients
NO3 (25-39. ngoll , PO4 (1.6- 2.6pmol.Y 1y and silicate (28-77umol. 1'). This water
has been identified as the Antarctic Intermediate Water (WARREN, 1981a) which forms
near the Polar Front. The relatively higher salinities which increase northward, observed
in the present study as compared with those observed by WARREN (1981a) at Lat.18°5
suggest that this water gradually mixes with higher salinity wateras it moves northwards.
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The observed lower concentrations of oxygen assocmted with hlgher nutrients con-
centrations in the northern stations compared with their values at higher latitudes, are
consistent with the suggestion (WARREN, 1981a) that the northward movement of
this water is slower than that of oxygen maximum water, and that higher amounts
of oxygen are consumed accompanied by the release of higher amounts of nutrients
- during its longer transxt time.

- Intermediate oxygen minimum

Thisla yer is found below the salxmty minimum layer inthe depth range 670-1150m.
It is associated with very low concentrations of oxygen and high nutrients. This layer
is common to all deep sea stations and is caused by in situ oxygen consumptlon by
oxidation of organic matter.

AOU as a tracer of water movement

" An attempt has been made to use the Apparent Oxygen Utilization (AOU) as a
tracer for the movement of water masses. This is based on the assumption that a
water mass which is formed at sea surface is saturated with oxygen at the place of
its formation. However, as this water mass moves in one direction or the other after
sinking to its density level, it loses part of its oxygen due to oxidation of organic
matter. At any point along the flow path of this water, the-amount of oxygen lost
(AOU) by it must be related either to the distance covered by the water mass since it
left the surface at the place of its formation, or to the time elapsed since the water
mass left the surface. Hence, if the rate of loss of oxygen with respect to either time
t or distance d covered in the direction of flow is known and the values of temperature
and salinity of the core water at any point along its path of flow are measured then
one should be in a position to predict the oxygen concentration and AOU of this water
at any point along the path of flow as follows:

For a given water mass the rate of loss of oxygen with respect to distance, ie.,
A AOU/A d can be obtained from the regression of AQU values observed at various
points along the path of flow of the water, against the distance of these points from a
reference point P also on the path of flow. The slope of the regression will give the rate
of loss of oxygen with respect to’ distance (AAOU/Ad). Now, if AOUp is the value of
AQU at the reference point then the value of AOU at any other point P; along the path
of flow at a distance d; from the same reference point will be given by

AQOU1 = (AAQU/Ad) xd1 + AOUo (1
and the concentration of dissolved oxygen at that point will be given by
= O - AOU; @

where O’ is the value of oxygen solubility in that water, which can be computed
from the relation given by WEISS (1970), and using the measured values of temperature
and salinity.

Combining equations (1) and (2)
02 = 02 - (AAOU/Ad) x di - AOUe 3)

One should also be able to determine the place of formation of that water assuming
that at that place the water is saturated with-oxygen, i.e., where Oz = O2’and AOU =

0. This pomt should be given by the intercept on d-axis of AOU Vs d regressmn at
AOU = 0.

From relation (1) we have, at AOU =0
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(AAOU/Ad) xd + AQU, = 0

d=- ——— @
AAOU/Ad _

Equation (4) gives a relation to determine the distance of the place of formation
of the water mass from a given reference point. The application of this could also be
extended to further studies such as predicting the concentrations of nutrients NO3
and PO4 under normal conditions. However, for this one should have additional data
such as oxidative ratios AAOU/APO4 and AAOU/ANO;3, and the ‘reserved’ fractions
of these quantities (reserved PO4 and reserved NO3). Complications may arise to this
simple model due to several factors such as;

i) The rate of movement of water may not be uniform

ii} The rate of loss of oxygén and the consequent rate of change of AOU with
Tespect to either time or distance, i.e., AAOU/Ad or AAOU/At may not be uniform
throughout the flow path.

iii) At any point along its path additional amount of oxygen may be lost due to
oxidation of additional organic matter raining down from upper layers and reaching
this water in unoxidized or partly oxidized forms.

iv) Additional changes in oxygen concentration may also be brought about by
processes like mixing, diffusion, convection, etc.

v) Water may be supersaturated or undersaturated with oxygen at its place of
formation. ‘
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Fig.5. Regression of AOU over distance (1) SalinityMaximum Water (0—o),
(2) Oxygen Maximum Water (s ),

To test this model, we have considered two watermasses in the South Indian
Ocean (1) The Salinity Maximum Water, and (2) The Oxygen Maximum Water. We
plotted the AOU values of the core of each of these watermasses observed at various
stations against the distance of the station from the Equator (Fig.5). The best fits for
the regressions are given by the equations:
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AOU -oosssd+ 18758 - e L LT ey

for the two watermasses respectlvely, where d is the dlstance of the stahon from the
Equator expressed in nautical:miles (nm).and AOU is expressed in pgat. 1L, The slopes - -
of the two lines are - 0.261 and -0.0688 respectively, while the respective correlation
coefficients are 0:893 and 0.579." It is interesting to note the similarity between relation:
(1) and relations (5) and (6). The negative slopes of the two lines are because the
distance d is measured in a direction opposite to the direction of flow of water.

From equanon (5} it can be deduced that at AOU = 0, d = 1614.44nm which
roughly corresponds to 27°S Lat. That means that this watermass forms at sea surface
at Lat. 27°S where it is assumed to be saturated with dissolved oxygen and the AOU
is zero. From WYRTKI'S (1971) data it can be deduced that the dissolved oxygen m
surface sea water in this area at 27°S Lat. had a mean concentration of 428. Sugatl
while the solubility of oxygen at the prevallmg mean temperature of 22.4°C and mean
salinity of 35.5 x 107 is 442 ugat.Xl. This gives a value of 13.5 ygat. I'! for AOU, which
is close to zero and is consistent with our results. This is in good agreement with the
findings of WARREN (1981a) who had suggested that this water forms at sea surface
in Lat. 25 to 35°S where the high salinities which are caused by excess of evaporation
over precipitation, are found across the breadth of the Indian Ocean. Similarly, using
equation (6) for the Oxygen Maximum Water it can be deduced that at AOU = 0,
d=2726.45nm from the Equator towards south, which roughly corresponds to 45°30°S
Lat. and agrees fairly well with the watermass ‘Central Water' of IVANENKOW and
GUBIN (1960) who had suggested that this water forms south of Lat. 40°S.

It is, thus, seen that AOU can be used to trace the origin of a watermass which
forms at sea surface. This parameter could also be used to follow the movement of
such a watermass, and to predict the concentrations of properties like dissolved oxygen,
nitrate and phosphate in this water at any point. However, a lot more data are needed
to develop this idea further and confirm the model.
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