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Chapter 5

Aluminium in the Oceans:
Unique Mirror Image of the
Biological Cycle?1

Many trace elements are essential nutrients. Since aluminium (Al) is not
one of these, it is somewhat of a paradox that Al is often (Middag et al.
2009), albeit not always (Middag et al. 2011a; Middag et al. 2012) coupled
with the cycle of the major nutrient silicon (Si). Silicon is essential for opal
(SiO2) frustules of diatom algae that represent ∼40 % of CO2 fixation by
photosynthesis in the oceans (Roberts et al. 2007). Trace amounts of Al
are taken up into these opal frustules, diminishing Si re-dissolution (Gehlen
et al. 2002) and influencing the biogeochemical Si cycle. The main external
supply of Al into the surface ocean is atmospheric dust. Therefore Al is also
of interest as the key tracer for atmospheric supply of nutrients, notably
iron, which stimulates photosynthesis and nitrogen fixation in the Atlantic
Ocean (Rijkenberg et al. 2011). Understanding the cycling of Al thus plays
an important role in understanding the overall biogeochemical cycling in
the oceans. The here presented results of the longest ever 17 500 km section
for trace metals in the West-Atlantic Ocean show a unique mirror image
between the distributions of Al and Si, as if they are not coupled. Yet
in fact the distribution of Al depends on a strong coupling with Si via

1The main author of this chapter is Dr. R. Middag. I contributed the improved results
of new versions of the OGCM simulation of the world ocean distribution of dissolved Al
(in detail described in the previous chapters). A more extensive version of this chapter
is in preparation (Middag et al. in preparation).
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the diatom life cycle, in combination with atmospheric input, sedimentary
input, adsorptive scavenging and ocean circulation.

Aluminium is one of the most abundant chemical elements on the
planet. The average crustal abundance of Al is ∼8.23 % by weight, about
one third of the even more abundant Si (28.15 %), i.e. there is one Al
atom for every three Si atoms in the Earth’s crust. However, the dis-
solved Al concentration ([Aldiss]) in seawater is almost a thousand times
smaller than the dissolved Si concentration ([Sidiss]). Dissolved Al ranges
from extremely low (0.1–0.5 nmol kg−1) in remote Antarctic Ocean waters
(Middag et al. 2011a; Middag et al. 2012) and the high latitude North
Pacific (Orians and Bruland 1988), to very high (∼170 nmol kg−1) in the
Mediterranean Sea (Hydes et al. 1988). In comparison, [Sidiss] ranges from
� 0.1 µmol kg−1 in the surface waters of the central temperate oceans, to
as high as ∼180 µmol kg−1 in the oldest deep waters of the North Pacific
Ocean (Sarmiento and Gruber 2006).

Major external sources of dissolved Al into the remote open ocean are
partial dissolution of atmospheric dust input (Maring and Duce 1987; Mea-
sures et al. 2008) and sediment re-suspension (Middag et al. 2012; Moran
and Moore 1991). Major removal mechanisms of dissolved Al from the
ocean are (i) Al incorporation into opaline diatom frustules (Middag et al.
2009; Gehlen et al. 2002; Stoffyn 1979); and (ii) preferential adsorptive
scavenging of Al on settling biogenic opal particles (Hydes 1979; Moran
and Moore 1988b; Orians and Bruland 1985). Biogenic diatom opal is
due to its ‘ballast effect’ (density ∼twice that of seawater) a key actor for
the settling of biogenic debris into the deep ocean, also known as export
production. As biogenic opal aids in the export of organic carbon, the
diatoms opal flux is relatively more important for carbon export to the
deep ocean than only by the ∼40 % contribution of diatoms to primary
organic carbon production in the surface waters. Consequently, sinking
biogenic opal is the major carrier of Al into the deep sea, be it either (i)
truly within the opal and/or (ii) preferentially scavenged to biogenic opal
by surface adsorption. Within the deep ocean the opal dissolves again, the
Si remains dissolved but the released Al may rapidly become scavenged
again by adsorption on other biogenic debris particles coming down.

The lower the Al : Si elemental ratio within the opal, the easier the opal
dissolves (Gehlen et al. 2002). Conversely, at a high Al : Si ratio the opal is
better preserved and becomes a major constituent of deep sea sediments.
In this case less Si will dissolve and eventually return to surface waters and
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therefore diatoms may sooner become limited in Si. In other words, the
cycling of trace element Al in the oceans is one of the controls on the cycle
of the major nutrient Si and thus affects primary production and export
production of organic carbon.

The [Aldiss] in the West Atlantic Ocean (Figure 1.7a) clearly reflects
the distribution of the major water masses with high [Aldiss] in the North
Atlantic Deep Water (NADW) of Arctic origin and low [Aldiss] in the water
masses of Antarctic origin. Most remarkably, this Al distribution is the
mirror image of the major nutrient Si (Figure 1.7b). At the poleward
extremes of this long Atlantic section, water masses of Arctic origin are
characterised by high [Aldiss] and low major nutrients (Si, nitrate, phos-
phate) and are clearly distinguishable from waters of Antarctic origin with
very low [Aldiss] and high nutrient concentrations. Previously we hypoth-
esised (Middag et al. 2011a) that the NADW while flowing southwards
in the West Atlantic basin, steadily accumulates more Si due to dissolu-
tion of settling diatoms debris, whereas Al is being lost due to continuous
adsorptive scavenging removal (Figure 5.1).

In the North Atlantic Subarctic Gyre, situated between 40◦51’ N and
64◦ N, the [Aldiss] and [Sidiss] are coupled rather than each other’s mirror
image, with both very low concentrations near the surface and a steady
increase with depth. Using salinity, here the three components of what
becomes NADW further south can be distinguished, namely Labrador Sea
Water (LSW), Iceland-Scotland Overflow Water (ISOW) and Denmark
Strait Overflow Water (DSOW) (Figure 1.1). The [Aldiss] and [Sidiss] show
a strong positive correlation in the LSW and ISOW (Figure 5.2). This
is not due to simple mixing of water masses as neither [Aldiss] nor [Sidiss]
is correlated with salinity (Middag et al. in preparation). The slope of
this correlation (Figure 5.2) is similar to previous observations in the Arc-
tic Ocean (Middag et al. 2009). As suggested for the Arctic Ocean, co-
dissolution of Al and Si from remineralising diatom frustules is the likely
explanation. The slope of ∼2× 10−3 of the Al-Si relation in the subsur-
face waters of the Subarctic Gyre and Arctic Ocean (Middag et al. 2009)
is consistent with the concept of diatoms in the surface waters accumu-
lating Al and Si in that same ratio (Middag et al. 2009). In other words,
diatoms apparently take up ∼1 Al atom for every 500 Si atoms. Upon
export of diatom particles into underlying subsurface waters, the siliceous
diatom frustules dissolve, releasing Al and Si in the ratio as present in
the biogenic silica which is resembled in the dissolved ∆Al/∆Si trend line
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Figure 5.1: Previous hypothesis for changes in the NADW when flowing south-
wards. Adsorptive scavenging causes continuous removal of Al from deep waters,
while ‘inert’ dissolved Si only continues to increase due to dissolution of sinking
diatom frustules. As a result the slope ∆Al/∆Si decreases steadily from north to
south (note north and south are reversed in the lower panel).

of these subsurface waters. Adsorptive scavenging of Al onto the outside
of the diatom frustules followed by remineralisation would also correlate
released Al with the released Si. In regions with low [Aldiss] in surface
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Figure 5.2: Concentrations of dissolved Al (nmol kg−1) versus dissolved Si
(µmol kg−1) in the Subarctic Gyre in the subsurface and intermediate water col-
umn (LSW and ISOW); R2 = 0.93 and P < 0.001 for n = 126. The slope of the
relationship (∆Al/∆Si represents the Al : Si ratio of the dissolving diatom frus-
tules. See Middag et al. (in preparation) for depths ranges and cut-offs used to
define water masses.

waters, such as the Southern Ocean (Middag et al. 2011a) or the Pacific
Ocean (Orians and Bruland 1988; Orians and Bruland 1985), the uptake
ratio Al : Si into opal of diatoms is much lower (Collier and Edmond 1984).
Similarly the additional and/or alternative Al association with diatoms by
adsorption would, at low ambient [Aldiss], yield lower Al : Si of the diatom
particles (Van Hulten et al. 2013) (Chapter 3). As a result upon dissolu-
tion in deep waters, no relationship between Al and Si is observed in the
Southern Ocean (Middag et al. 2011a) and the Pacific Ocean (Orians and
Bruland 1985). Due to the low input of Al into Southern Ocean waters, the
inflowing water into the Atlantic basin (AAIW/UCDW and AABW) has
low [Aldiss] and naturally high [Sidiss], showing the mirror image compared
to NADW with high [Aldiss] and low [Sidiss].

From ∼40◦ N southwards to ∼26◦ S the NADW proper is slowly but
steadily diminishing in thickness due to mixing with overlying and un-
derlying water masses (Figure 1.1). At 40◦ N the NADW proper extends
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Figure 5.3: For samples in the core of the southwards flowing North Atlantic Deep
Water, the slope of correlation of [Aldiss] (nmol kg−1) versus [Sidiss] (µmol kg−1)
decreases from north to south from 0.63× 10−3 to 0.21× 10−3 and the goodness
of fit also deteriorates going southwards from r2 > 0.90 to r2 = 0.64 but linearity
remains significant. The change in slope of the relation in this figure indicates net
scavenging loss of Al and a net increase of Si due to remineralisation. Colour codes
refer to the station positions in Figure 1.7b and the respective figure of Middag et
al. (in preparation) where grey for 39◦30’ N to 21◦47’ N region (64 PE 319, Stations
14–28), red for 20◦27’ N to 4◦3’ S (64 PE 321 stations 29-38) blue for 2◦33’ N to
0◦43’ N (64 PE 321, Stations 39–41) and green for 0◦11’ S to 26◦5’ S (74 JC 057
Stations 18 to 11). Significance is P < 0.001 for r2 = 0.95 and n = 87; P < 0.001
for r2 = 0.91 and n = 66; P < 0.001 for r2 = 0.93 and n = 22; P < 0.001 for
r2 = 0.64 and n = 39 for grey, red, blue, green, respectively.

between 1500 m and 4000 m depth to end up between 2000 m and 3000 m
depth at 30◦ S. Within this NADW there is a positive correlation between
[Aldiss] and [Sidiss] and when divided in four latitude zones, one finds sig-
nificant correlations of [Aldiss] versus [Sidiss] for which the slope ∆Al/∆Si
decreases steadily from north to south (Figure 5.3). This systematic de-
crease of the slope of regression is due to a steady increase of [Sidiss] due
to deep dissolution of vertical settling diatom debris in combination with
a steady decrease of [Aldiss] due to its continued deep water scavenging
(Figure 5.1). Moreover the Al : Si ratio of the diatoms in surface waters is
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likely to be lower in the Southern Hemisphere than in the Northern Hemi-
sphere, as result of lower ambient [Aldiss] in surface waters of the Southern
Hemisphere (Figure 5.4b).

0

1

2

3

4

−40 −20 0 20 40 60
Latitude (°N)

D
us

t (
g/

m
²/y

r)

(a) Modelled dust deposition (g m−2 yr−1)

0

10

20

30

40

50

−40 −20 0 20 40 60
Latitude (°N)

C
on

ce
nt

ra
tio

n 
(n

M
)

(b) Measured [Aldiss] (nM)

Figure 5.4: Model and observational results. (a) Prescribed dust deposition rate
in g m−2 yr−1 at the sea surface taken from an independent global dust deposition
field (Hauglustaine et al. 2004), here shown only at the positions (latitude, longi-
tude) of the ocean Al section. (b) The measured and here reported concentration
of dissolved Al in the upper samples (0–20 m depth) along the section.

The overall distribution of [Aldiss] can be largely explained by the com-
bination of aeolian dust input in combination with removal from surface
waters and deep waters with diatoms as carriers. These processes for the
Al cycle have been incorporated in an Ocean General Circulation Model
also comprising the biogeochemical cycles of carbon and the major nutri-
ents, along with two phytoplankton types, two zooplankton grazers, two
classes of particulate organic carbon, as well as calcite and biogenic silica
(Section 2.2.3). Briefly, the recently published Al simulation model (Chap-
ter 3) has been improved by more realistic circulation velocity field and
an additional Al supply term from dissolution of deep sediments (Chap-
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ter 4). The external forcing of a standard dust flux (Figure 5.4a) with
partial dissolution of Al agrees well with the observed maxima of dissolved
Al in surface water along the section (Figure 5.4b). Thus far the model
does not distinguish between active Al uptake and incorporation in opal
and/or Al surface adsorption. The removal of dissolved Al is by a simple
proportional relation with the product of dissolved Al and particulate opal
of diatoms. The good agreement of the full depth model section with the
actual measured [Aldiss] (Figure 4.6a) largely confirms the above interpre-
tations.

In addition, in the deepest part of the DSOW during its cascading
downslope over the seafloor, the [Aldiss] increases linearly (Figure 5.5) with
decreasing latitude towards a distinct [Aldiss] maximum at ∼45◦ N (Fig-
ure 1.7a). This must be due to re-suspension of the underlying surface
sediments that form an intense deep nepheloid layer of suspended parti-
cles (Moran and Moore 1991). In the simulation, the term for Al supply
from sediments does indeed reproduce this [Aldiss] maximum in the DSOW
at ∼45◦ N (Figure 4.6a). This is akin to observed elevated [Aldiss] and a
higher ∆Al/∆Si in bottom waters of the Arctic Ocean, that was also as-
cribed to supply of Al from the sediments (Middag et al. 2009) that are
rich in Al, i.e. can easily supply some dissolved Al to pore waters and by
re-suspension to bottom waters. The increase of [Aldiss] in the southwards
flowing DSOW continues until at ∼45◦ N the DSOW loses contact with
the seafloor once it becomes underlain by northward flowing AABW that
is low in [Aldiss] but high in [Sidiss] (Figure 1.7). This high [Sidiss] in bot-
tom waters (AABW) is known to prevent dissolution of Al from sediments
(Mackin and Aller 1986). Conversely the low [Sidiss] in the DSOW al-
lows such dissolution and accumulation of [Aldiss] in bottom water DSOW.
Moreover, the well-known fast flow rates of DSOW and related intensive
bottom nepheloid layer of re-suspended sediment particles (Biscaye and
Eittreim 1977) enhance the contact exposure of sediment particles with
seawater thus enhancing the overall kinetics of Al dissolution. In con-
trast, the increase in [Aldiss] from south to north in AABW can solely be
explained by mixing with the overlying high-[Aldiss] NADW without the
need for a sediment source. This indicates that in AABW the removal of Al
by scavenging dominates over the Al supply by sediment input, this notion
further supporting that the high [Sidiss] in AABW inhibits Al dissolution
from the underlying sediments.
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Figure 5.5: Above: Bottom (deepest sample) concentrations of dissolved Al
(nmol kg−1 and Si (µmol kg−1 versus latitude in the subarctic gyre region show
an increase of dissolved [Al] in southwards flowing DSOW until at ∼45◦ S this
becomes underlain by AABW with a much higher dissolved [Si] that prevents
any further dissolution of Al into the AABW. Below: Plotting of bottom water
concentrations of Al versus latitude results in a significant correlation (P < 0.001
and R2 = 0.96 for n = 10 datapoints) in the DSOW in the 45–65◦ N region where
DSOW is the bottom water. South off 45◦ N the AABW is bottom water with
very high [Sidiss] and low [Aldiss], the latter low [Aldiss] data in AABW is shown
as open symbols in the lower figure.
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The large-scale distributions of Al and Si do appear each other’s op-
posites (Figure 1.7a,b) but are positively linked at a regional scale, e.g.
in the Subarctic Gyre (Figure 5.2). This contrast between regional co-
variance yet large-scale mirror image distributions of Al and Si underlines
the dependence on the location and scale of the observations. The current
findings and interpretation are possible only by the large number of 1320
measurements over the very long full-depth ocean section. We now have a
good vision of how the distribution of Al can be explained with respect to
scavenging and how the Al cycle is coupled with the Si and diatom cycle.
These results are important to consider when modelling global atmospheric
dust input based on Al observations, since the effect of diatoms and their
Al uptake needs to be taken into account. Uptake by diatoms might, for
example, explain why dust from Patagonia deposited in the South Atlantic
Ocean is not apparent in the local dissolved [Aldiss] (Dammshäuser et al.
2011). For deep water, sedimentary inputs of Al appear dependent on
the [Sidiss] of the overlying seawater and this is a possible mechanism to
explain the order of magnitude difference in [Aldiss] between NADW and
AABW in the West-Atlantic Ocean.
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