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Abstract. Understanding of controls on the spatial distributions of chemical elements in the surface ocean has improved over time. 

Macronutrients were understood first, followed by dissolved inorganic carbon and alkalinity. Utilising data collected in the Atlantic 

by the ongoing GEOTRACES programme, controls can now start to be investigated for other elements. Here we investigate the 

generality of the rule that, in surface waters, higher concentrations occur at higher latitudes. Our analyses of Atlantic GEOTRACES 

data show that, after salinity normalisation, all biologically utilised elements except iron follow this rule (ρ ≥ 0.45). Most elements 10 

(nitrate, phosphate, cadmium, barium, and nickel) are even more strongly correlated (ρ > 0.6) with latitude. We attribute this pattern 

to upwelling and/or entrainment of deep water at high latitudes. Although only Atlantic data was analysed here, we predict that 

this rule will be found to hold true for all oceans in which surface and deep waters exchange more readily at high latitudes. The 

rule does not hold in the central western Arctic Ocean, where a year-round strong halocline prevents exchange of surface and deep 

waters. 15 

1 Introduction  

Macronutrients: The first distributions to start to be understood were those of the macronutrients nitrate, phosphate and silicate. 

The main features of their global distributions became apparent as: (1) reliable techniques for measuring concentrations were 

developed (e.g. Strickland and Parsons, 1972; Gordon et al., 1993), and (2) the first global datasets (of trustworthy data) were 

accumulated (e.g. Brewer et al., 1986; Moore, 1984). One main feature of the global pattern was realised early on – that 20 

macronutrient concentrations in the open ocean are generally higher towards the poles and lower at low latitudes (Levitus et al., 

1993). There is a difference between low and mid latitudes (where, away from upwelling regions and river mouths, concentrations 

of macronutrients are typically low at all times of year) and high latitudes (where concentrations are either high in all seasons or 

else are high in winter and low in summer) (Takahashi et al. 1993; Conkright et al. 2000). Although conventional techniques 

struggled previously to measure phosphate accurately at lower concentrations, emerging datasets of nanomolar measurements only 25 

serve to reinforce this picture of a general low-latitude vs high-latitude divide (Martiny et al 2019).   

 

The main driver of this general pattern in macronutrients is upwelling. It was established in the 1990’s and 2000’s that the Southern 

Ocean and subarctic North Pacific are both iron limited (de Baar et al., 2005; Boyd et al., 2007) and that this is the reason for the 

year-round high levels of residual nitrate, phosphate and silicate in surface waters. Furthermore, the cause of the iron-limitation in 30 

these regions is tied to upwelling, because deep ocean water (prior to being upwelled) is more deplete in iron relative to 

phytoplankton need (more strongly iron-limited than nitrate- or phosphate-limited) (Moore et al., 2016). Therefore, when 

phytoplankton blooms take place in HNLC (High Nutrient, Low Chlorophyll) regions following upwelling or deep winter mixing, 

iron runs out first and large amounts of macronutrients are left behind (Moore et al., 2016). The locations of the three main HNLC 

areas, the Southern Ocean, subarctic North Pacific and eastern Equatorial Pacific, all coincide with places where deep water is 35 

brought to the surface. 
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Alkalinity: Because of interest in the ocean’s role in climate through its uptake of carbon dioxide from the atmosphere, large 

datasets of two other biogeochemical variables, DIC and alkalinity, have also been accumulated over the last 20 years. The first 

large global data sets containing alkalinity data (GLODAP and GLODAPv2; Olsen et al., 2016, 2019; Key et al., 2015) have shown 

a more complicated picture for alkalinity than for macronutrients. It is apparent that raw (untransformed) alkalinity data does not 40 

show a strong correlation with latitude. Instead it exhibits a more complex distribution in the surface ocean, with highest values in 

the subtropical gyres, lower values close to the Equator and intermediate values towards the poles (Lee et al., 2006; Millero et al., 

1998; Takahashi et al., 2014; Carter et al., 2014). Data analysis reveals a strong correlation with salinity (Millero et al., 1998; Friis 

et al., 2003; Jiang et al., 2014; Fry et al., 2015); high alkalinity values co-occur with high salinity values in the subtropical gyres 

because both are produced by an excess of evaporation over precipitation. Evaporation (removal of fresh water containing no 45 

dissolved ions) raises the concentrations of all the dissolved elemental constituents left behind in seawater and therefore also raises 

total alkalinity (TA), because TA is a weighted sum of ionic concentrations.  

 

Although not evident in unprocessed alkalinity data, a hidden high-latitude elevation is revealed when evaporation/precipitation 

effects are removed (Fry et al., 2015). Moreover, when the effects of other processes known to influence alkalinity are also removed, 50 

to leave behind a tracer controlled only by calcium carbonate production and upwelling of dissolution-affected deep waters, it is 

seen to be upwelling that drives the high latitude elevation in salinity normalised TA (nTA) (Fry et al., 2015). This effect is masked 

in maps of TA but is apparent in maps of nTA and of related tracers such as potential alkalinity (Takahashi et al., 2014) and Alk* 

(Fry et al., 2015). 

 55 

Dissolved inorganic carbon (DIC): Understanding of the distribution of DIC in surface waters has advanced at the same time as 

that of TA. A low-latitude to high-latitude gradient is apparent in non-normalised DIC data (Lee et al., 2000; Key et al., 2004; 

Takahashi et al., 2014) and even more strikingly apparent in salinity-normalised data (nDIC) (Wu et al., 2019). This latitudinal 

pattern has traditionally (e.g. Follows and Williams, 2011) been attributed to the temperature dependence of CO2 solubility (cold 

water holds more CO2 gas than warm water; if both are in equilibrium with the same atmospheric CO2; in addition, seawater with 60 

higher CO2 also has higher DIC, all else being equal). A recent analysis (Wu et al., 2019) has shown, however, that the latitudinal 

gradient is driven in more or less equal part by upwelling/entrainment as it is by temperature-induced solubility variation. 

 

Most recently, higher surface nickel concentrations at either end of an Atlantic-long transect have been reported (Middag et al., 

2020). 65 

 

This new understanding of controls on DIC, alkalinity and macronutrients, as well as the recent nickel observations, raise the 

question as to whether there is a general pattern for all biologically utilised elements. Given that: (1) NO3, PO4, SiO4, DIC, TA and 

Ni all show tendencies towards elevated values at high latitudes, and (2) in all cases except Ni this has been attributed to deep 

water inputs, then it is reasonable to ask whether this is a general pattern that holds true for all biologically utilised constituents in 70 

seawater. In this paper we investigate the hypothesis that: 

 

“All bioutilised elements are present at higher concentrations in high latitude than in low latitude surface waters” 
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where bioutilised elements are defined here to be those which are taken up from surface water by organisms and which, as a result, 75 

increase in concentration with depth in the ocean. We distinguish here between bioutilised and biounutilised elements. These 2 

categories map onto the 3 categories of an earlier scheme (Broecker and Peng, 1982): our bioutilised category encompasses both 

biolimiting and biointermediate categories of the earlier scheme; our biounutilised corresponds to their biounlimiting. In this study 

we do not care whether elements are limiting nutrients for biological production, we care only whether (1) an element is transported 

to depth by the particle flux, and (2) this gives rise to a vertical gradient in the concentration of that element. Following the earlier 80 

scheme, some essential elements for plankton growth, such as manganese (Raven, 1990), are in this way classified as biounutilised, 

because their uptake and vertical transport does not result in a vertical gradient of increasing concentration with depth (Fig. 1; see 

also Sarmiento and Gruber, 2006). Conversely, some elements are classified here as bioutilised even though they are not required 

by plankton but rather are taken up “by accident” because of their chemical similarity to useful elements (for instance Ge, which 

is taken up inadvertently by diatoms in place of Si (Azam and Volcani, 1981), and increases with depth as a result (Sarmiento and 85 

Gruber, 2006)). 

Figure 1: Depth profiles for elements in the Atlantic Ocean. Data from GEOTRACES IDP2017v2, cruise GA02, station 33°W 22°S. The 

prefix ‘n’ indicates salinity normalisation of concentrations. 

 
Here we use data from the international GEOTRACES programme to explore the extent to which this hypothesis holds true (for 90 

instance, as just described, we know it to be true for nTA but not so much for TA). GEOTRACES is the first programme to make 
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a global survey of the distributions of a large number of different elements, including trace elements and micronutrients as well as 

the more commonly measured variables. Here we look to see if the rule of high latitude surface enrichment applies also to the 

wider suite of GEOTRACES variables. 

2 Methods 95 

An earlier global survey campaign (WOCE, the World Ocean Circulation Experiment (Chapman, 1998]) measured macronutrients 

(NO3, PO4, SiO4) and carbonate chemistry (e.g. DIC & TA) on a global scale. Large data syntheses now exist for macronutrients 

(WOCE, WOA) and carbonate chemistry (GLODAP) (Olsen et al., 2016, 2019; Key et al., 2015). GEOTRACES is the first 

programme to measure a larger number of different biogeochemical variables in a comprehensive manner on a global scale. The 

GEOTRACES second Intermediate Data Product (IDP2017v2) contains bottle data from 39 cruises, collected during the period 100 

2007 to 2014. Only dissolved concentration data is used here; particulate concentrations are not included in our analyses. The 

recommended methods and protocols used to measure the different dissolved element concentrations are included in the 

GEOTRACES cookbook (available at: https://www.geotraces.org/cookbook). Subsequent to collection, the data was subjected to 

quality control procedures and, where such procedures indicated systematic offsets, adjustment (Schlitzer et al., 2018). Table 1 

shows which elements were included in our study and on which GEOTRACES cruises they were measured. In this study we only 105 

included those GEOTRACES cruises for which final data has been released (the programme is part-way through). At the time of 

writing, sufficient GEOTRACES data to test the hypothesis of this paper was only available for the Atlantic; for this reason, data 

from other ocean basins is not considered further here. Figure 2 shows the geographical distribution of the Atlantic data for the 

various elements. 

 110 

Table 1: GEOTRACES sections and elements measured on them. Only the cruises and elements used in this study are shown here. 
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Section Dates Elements analysed 

GA01 15/05/2014 – 30/06/2014 Al, Pb 

GA02 28/04/2010 – 26/05/2010 

11/06/2010 – 08/07/2010 

01/03/2011 – 07/04/2011 

Al, Ba, Cd, DIC, Fe, La, Pb, P, SiO4, 

TA, Y, Zn 

GA03 15-10/2010 – 04/11/2010 

06/11/2011 – 11/12/2011 

Al, P, SiO4 

GA04 14/05/2013 – 05/06/2013 

13/07/2013 – 25/07/2013 

25/07/2013 – 11/08/2013 

05/05/2013 – 01/06/2013 

Al, Cd, La, Y, Zn 

GA06 07/02/2011 – 19/03/2011 Al, P, SiO4 

GA10 18/10/2010 – 22/11/2010 Al, Ba, Cd, DIC, Fe, La, Pb, P, SiO4, 

TA, Zn 

GAc01 16/11/2007 – 13/12/2007 Fe, La, P, SiO4 

GIPY04  Al, Ba, Cd, DIC, Fe, Mn, NO3, PO4, 

SiO4 

GIPY05 10/02/2008 – 16/04/2008 Al, Ba, Cd, DIC, Fe, P, Si, TA, Zn 
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The GEOTRACES IDP2017v2 was the main dataset used here; however, the GLODAPv2_2019 dataset (more than 700 cruises, 

1972 – 2013) (Olsen et al., 2019) was also used (for macronutrients, DIC and TA), to check the validity of the results obtained for 

the same variables with the smaller GEOTRACES dataset (Sect. 4.1). To compare like with like, only the Atlantic data from 170 

GLODAPv2_2019 was used here. Low latitudes are defined in this study as between 30° S and 30° N and high latitudes as between 

50° and 70° in the relevant hemisphere. The only elements used in our analysis were those with more than 15 surface layer 

measurements in both the low and high latitude categories. As shown later (Sect. 4.1), although some of the datasets are relatively 

small, there is enough data to obtain statistically significant results when testing the hypothesis. However, it is important to note 

that there are differences between elements in terms of data availability; for instance, there is no high latitude North Atlantic data 175 

for Ba and there is no high latitude South Atlantic data for La, Ni, Pb or Y (Fig. 2). 

 

The data processing followed a similar method to that of Fry et al. (2015) and Wu et al. (2019). The method was applied to both 

GEOTRACES and GLODAPv2 data. Only bottle data accompanied by a ‘good’ flag value was used. The surface ocean was 

defined as 0-20 m between 30° S and 30° N and 0-30 m elsewhere. Data from locations with a seafloor depth shallower than 200 180 

m or salinities less than 33 were excluded so that only open ocean data relatively unaffected by the seafloor and/or rivers is 

included. Data from the Mediterranean Sea (enclosed basin) was not included. Data from > 65° N was excluded so that the 

heavily freshwater-influenced Arctic Ocean was omitted from the main analysis, although considered separately later (Sect. 4.5). 

 

Salinity normalisation was carried out according to: 185 

𝑋𝑛 =
𝑋𝑚

𝑆
 x 35                                                                                                                                                                            (1)                                                

where 𝑆 is the salinity, 𝑋𝑚 the measured value, and 𝑋𝑛 is the salinity-normalised value. 

To distinguish between bioutilised and other elements, vertical profiles were plotted from a typical GEOTRACES station at 22° S, 

33° W (Fig. 1). On this basis, Ba, Cd, Fe, Ni, NO3, PO4, SiO4 and Zn are all categorised as bioutilised because their vertical profiles 

all show surface depletion relative to deep values. Of these elements, all were categorised previously by Broecker and Peng (1982) 190 

as bio-limiting or bio-intermediate, except iron and nickel which could not at that time be categorised due to lack of reliable data. 

Mn, La, Y and Pb, in contrast, do not show surface depletion (Fig. 1) and are categorised here as biounutilised. 

 

Statistical hypothesis testing was carried out using a null hypothesis (H0) of: “High latitude concentrations are lower than or equal 

to low latitude concentrations.” Most of the element datasets are not normally distributed and so a Mann-Whitney U test was used 195 

(one-tailed, assuming equal variances), although similar conclusions (not shown) were obtained when applying a t-test (one-tailed, 

unequal variances) to the same data. 

 

Spearman’s rank order correlation coefficients were calculated between absolute latitude (equivalent, for correlation purposes, to 

distance from the equator) and concentration of the element. The routine used (the ‘corr’ function in Matlab) also tested the 200 

hypothesis that the two variables are correlated (null hypothesis (H0) of “no correlation”). All data were included in the correlation 

calculations, not just the low and high latitude data. 
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3 Results 

All plots and analyses were carried out on salinity-normalised data. In this section, NO3 therefore refers to nNO3, and so on for 

other elements. 205 

3.1 Relationship with latitude 

The geographical distributions of the GEOTRACES data are shown for each element in Fig. 2, with points colour-coded to indicate 

concentration. The hypothesis can be visually evaluated by inspection of Fig. 2. Figure 3 shows more clearly the presence or 

absence of a connection with latitude by plotting of data values (concentrations) against latitude. 

Figure 3: Salinity-normalised surface concentrations versus latitude. The grey shaded area (in between the black dotted lines) is the low 210 
latitude region (30°S to 30°N); the red shaded areas (polewards of the red dashed lines) are the high latitude regions (50–65°N and < 50°S). Data 

from GEOTRACES IDP2017v2. 

 

 

Macronutrients: NO3, PO4 and SiO4 all have their highest concentrations in the Southern Ocean, high values in the high latitude 215 

North Atlantic (except SiO4) and lowest values in the low latitude Atlantic. 
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DIC and TA: DIC and TA both show maximum concentrations in the Southern Ocean. Additionally, they both show higher 

concentrations in the high latitude North Atlantic than at lower latitudes (TA less so than DIC). Both show minimum concentrations 

in the low latitude Atlantic. 220 

 

Other bioutilised elements: The bioutilised trace elements show varying patterns with latitude. Ba, Cd, Ni and Zn show highest 

concentrations in the Southern Ocean and lowest values at low latitudes, in a similar pattern to the macronutrients. In contrast, Fe 

concentrations are low in the Southern Ocean except for a cluster of values near 60° S (near to the tip of the Antarctic peninsula). 

Additionally, Fe shows high values in the low-latitude North Atlantic and low values in the high latitude North Atlantic.  225 

 

Biounutilised elements: Mn shows a pattern resembling that of Fe; highest concentrations are seen in the low latitudes, particularly 

in the North Atlantic west of North Africa, and minimum concentrations in the high latitudes, both north and south. 

Al shows highest concentrations in the mid-latitude North Atlantic. Pb, La and Y show fairly equal concentrations everywhere, 

although with somewhat of an increase from furthest south to furthest north. 230 

3.2 Statistical tests 

Results of the Mann Whitney U test are shown in Table 2, together with mean concentrations for each parameter in the low latitude 

Atlantic, high latitude North Atlantic and high latitude South Atlantic. The Mann-Whitney U-test found that high latitude 

concentrations are significantly greater than low latitude concentrations for all of the macronutrients and also DIC, TA, Ba, Ni, Cd, 

and Zn (Table 2; for some variables data is not available for both the north and south high-latitude Atlantic). Fe shows a different 235 

pattern to the four trace metals just listed. Whilst Fe exhibits a higher mean concentration in the Southern Ocean, this is biased by 

the cluster of points near to the Antarctic peninsula (values are otherwise low). The low latitude mean for Fe is greater than the 

high latitude North Atlantic mean. Mn has highest mean concentrations in the low latitude Atlantic and is the only trace metal to 

have a lower mean concentration in the Southern Ocean than in the high latitude North Atlantic (Table 2). The Mann-Whitney U-

test is unable to reject H0 for either Fe or Mn (Table 2). 240 

 

Moving on to consider biounutilised elements, Al has a low latitude mean that is greater than the high latitude means. Pb does not 

have any Southern Ocean data but does have a greater mean in the high latitude North Atlantic compared to low latitudes. Both Y 

and La have no Southern Ocean data and both have greater mean concentrations in the high latitude North Atlantic than in low 

latitudes (Table 2). Applying the Mann-Whitney U-test to Al, Pb, Y and La data results in a failure to reject H0 for all cases (Table 245 

2).  

3.3 Correlation with proximity to Poles 

Those elements that have significantly higher mean concentrations at high than at low latitudes also tend to have the strongest 

Spearman rank correlations with latitude (Table 3). DIC, TA, NO3, PO4, Ba, Cd and Ni all have strong positive (> +0.6) correlations 

with latitude. SiO4 and Zn however show weaker positive correlations with latitude (+0.16 and +0.31 respectively) due to an 250 

absence of elevated values in the high latitude North Atlantic. Fe and Mn, on the other hand, exhibit negative correlations (-0.26 

and -0.71 respectively). Of the biounutilised elements, Al has a strong negative correlation with latitude (-0.76), Y a moderate 

positive correlation (+0.44) and Pb and La both have weak correlations (-0.04 and -0.01 respectively). The latter is surprising given 

that the Mann-Whitney U-test found that high latitude concentrations of La are significantly greater than low latitude concentrations. 

This discrepancy can be attributed to the Spearman rank correlation being calculated on data from all latitudes in the Atlantic, 255 
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whereas mid-latitude data was not included in the Mann-Whitney U-tests. The null hypothesis of ‘no positive correlation’ is 

rejected for all elements except Pb, La, Fe, Mn and Al. 

 

Table 2: Results of tests (Mann-Whitney U test) of the hypothesis for each element. Tests were carried out on salinity-normalised surface 

values from the GEOTRACES (top) and GLODAPv2 (bottom) datasets. Those elements exhibiting a significant difference between low latitudes 260 
and high latitudes are shown in bold. Rejection of H0 at the 5% level (p < 0.05) is indicated by ✓, p < 0.01 by ✓✓, p < 0.001 by ✓✓✓ and p < 

0.0001 by ✓✓✓✓. ‘’ indicates failure to reject H0 even at the 5% level. LL = low latitude, HL = high latitude, HLN = high latitude north, HLS 

= high latitude south (all regions are in the Atlantic; boundaries are as defined in Sect. 2). 𝒙̅ is the average value and N the number of datapoints 

for that region. 

 

 

 

Region of the Atlantic 

Low 

Latitude 

High Latitude North High Latitude South All High Latitude 

Element 𝒙 (N) 𝒙 (N) Reject H0 ? 

(HLN≤LL) 

𝒙 (N) Reject H0 ? 

(HLS≤LL) 

𝒙 (N) Reject H0 ? 

(HL≤LL) 

GEOTRACES IDP2017v2 Dataset 

nNO3 (μmol kg-1) 0.0 (64) 10.9 (23) ✓✓✓✓ 26.5 (36) ✓✓✓✓ 20.4 (59) ✓✓✓✓ 

nPO4 (μmol kg-1) 0.15 (158) 0.74 (23) ✓✓✓✓ 1.82 (132) ✓✓✓✓ 1.66 (155) ✓✓✓✓ 

nSiO4 (μmol kg-1) 1.2 (195) 4.4 (23) ✓✓✓✓ 54.4 (134) ✓✓✓✓ 47.1 (157) ✓✓✓✓ 

nFe (nmol kg-1) 0.51 (54) 0.12 (12)  0.52 (26)  0.39 (38)  

nDIC (μmol kg-1) 1960 (26) 2137 (11) ✓✓✓✓ 2246 (76) ✓✓✓✓ 2232 (87) ✓✓✓✓ 

nTA (μmol kg-1) 2296 (26) 2321 (9) ✓✓✓✓ 2381 (38) ✓✓✓✓ 2370 (47) ✓✓✓✓ 

nBa (nmol kg-1) 40.1 (10) (0)  76.2 (8) ✓✓✓✓ 76.2 (8) ✓✓✓✓ 

nCd (nmol kg-1) 0.00 (29) 0.17 (6) ✓✓✓✓ 0.50 (6) ✓✓✓✓ 0.34 (12) ✓✓✓✓ 

nNi (nmol kg-1) 2.1 (27) 3.67 (12) ✓✓✓✓ (0)  3.7 (12) ✓✓✓✓ 

nZn (nmol kg-1) 0.1 (20) 0.46 (11) ✓✓✓ 2.45 (4) ✓✓ 0.99 (15) ✓✓✓✓ 

nLa (pmol kg-1) 19.6 (38) 24.9 (12) ✓✓✓✓ (0)  24.9 (12) ✓✓✓✓ 

nY (pmol/kg)  118 (27) 142 (12) ✓✓✓ (0)  142 (12) ✓✓✓ 

nMn (nmol kg-1) 2.24 (56) 0.51 (6)  0.41 (29)  0.43 (35)  

nAl (pmol kg-1) 26.8 (28) 1.8 (21)  0.5 (27)  1.0 (48)  

nPb (pmol kg-1) 19.8 (26) 21.2 (18)  (0)  21.2 (18)  

GLODAPv2 Dataset (Atlantic only) 

nNO3 (μmol kg-1) 0.3 (4388) 6.3 (4889) ✓✓✓✓ 25.1 

(1959) 

✓✓✓✓ 11.7 (6848) ✓✓✓✓ 

nPO4 (μmol kg-1) 0.08 

(3949) 

0.50 

(3807) 

✓✓✓✓ 1.73 

(1787) 

✓✓✓✓ 0.89 (5594) ✓✓✓✓ 

nSiO4 (μmol kg-1) 1.2 (4652) 2.8 (4860) ✓✓✓✓ 50.2 

(2967) 

✓✓✓✓ 16.2 (6776) ✓✓✓✓ 

nDIC (μmol kg-1) 1967 

(2762) 

2099 

(3510) 

✓✓✓✓ 2225 

(1204) 

✓✓✓✓ 2131 (4714) ✓✓✓✓ 

nTA (μmol kg-1) 2294 

(2649) 

2317 

(1788) 

✓✓✓✓ 2372 (784) ✓✓✓✓ 2333 (2572) ✓✓✓✓ 

 265 
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Table 3: Results of correlation analyses for concentration of each element against latitude. Spearman’s Rank Correlation Coefficients (ρ) 

were calculated for salinity-normalised surface concentrations from the GEOTRACES dataset against absolute latitude (a measure of distance 

away from the equator, regardless of which hemisphere). Those elements for which a strong (ρ > +0.6) or very strong (ρ > +0.8) positive 

correlation was found are highlighted in bold. The final column shows the significance level at which a hypothesis of no positive correlation is 270 
rejected (p < 0.05 is indicated by ✓, p < 0.01 by ✓✓, p < 0.001 by ✓✓✓ and p < 0.0001 by ✓✓✓✓), if it is rejected (‘’ indicates failure to 

reject even at the 5% level). 

Element Spearman’s ρ Reject H0 ?  

(‘no positive correlation’) 

GEOTRACES IDP2017v2 Dataset 

nNO3  0.85 ✓✓✓✓ 

nPO4  0.80 ✓✓✓✓ 

nSiO4  0.45 ✓✓✓✓ 

nFe  -0.26  

nDIC 0.91 ✓✓✓✓ 

nTA 0.83 ✓✓✓✓ 

nBa  0.76 ✓✓✓✓ 

nCd  0.87 ✓✓✓✓ 

nNi 0.78 ✓✓✓✓ 

nZn 0.51 ✓✓✓✓ 

nLa -0.01  

nY 0.44 ✓✓✓ 

nMn -0.78  

nAl -0.76  

nPb -0.04  

GLODAPv2 Dataset (Atlantic only) 

nNO3 0.76 ✓✓✓✓ 

nPO4 0.75 ✓✓✓✓ 

nSiO4 0.43 ✓✓✓✓ 

nDIC 0.84 ✓✓✓✓ 

nTA 0.66 ✓✓✓✓ 

4 Discussion 

4.1 Is there enough data to test the hypothesis? 

The GEOTRACES IDP2017v2 dataset consists of a smaller number of cruises in the Atlantic (13) than does GLODAPv2_2019 275 

(247). In addition, for some variables (Ba, Ni, La, Y, Pb), there is high-latitude data from only one hemisphere rather than from 

both. We now consider whether there is sufficient data in GEOTRACES to carry out a meaningful examination of the hypothesis. 

 

This question can first be examined by comparing results from GEOTRACES to those from the larger GLODAPv2 dataset. As 

can be seen in Fig. 4, distributions of the same elements within the two datasets are similar and the major relationships with latitude 280 

are apparent in both. From this it can be concluded that there is enough data in the smaller GEOTRACES dataset to pick out the 
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main trends in the data, even though one or two differences are observed between the two datasets. Most noticeably, PO4 values 

are elevated (as high as 2 μmol kg-1) at 25° S in GEOTRACES but not to the same degree in GLODAPv2 (Fig. 4). The elevated 

values are from samples taken in the Benguela upwelling region (Fig. 1). Although GLODAPv2 cruises also sampled there, 

GEOTRACES sampling may have coincided with a time of intense upwelling whereas GLODAPv2 sampling did not. It seems, 285 

therefore, that details in the data patterns are sensitive to the particular times and places of sampling but that the main trends in the 

data are not. 

 

 

Figure 4: Comparison of latitudinal distributions of salinity-normalised surface concentrations of PO4, NO3, SiO4, TA and DIC. Data 290 
from GLODAPv2 is shown with grey circles and data from GEOTRACES IDP2017v2 with black circles. 

 

 

Most results are significant not only at the 5 % but also at the 1 % and the 0.1 % levels (Tables 2 and 3). In other words, it is 

surpassingly unlikely in most cases that the differences between low latitude and high latitude means are just down to chance 295 

variations in small datasets. In addition, if there is no real trend towards higher values at higher latitudes then we would not expect 
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correlations between absolute latitude and element concentration. Again, the results obtained are very clear: most elements are 

highly correlated (ρ > 0.6) with absolute latitude and, in addition, a hypothesis of no correlation is strongly rejected.  

4.2. Outcomes 

4.2.1 Outcome 1 of tests: Most bioutilised elements do increase with latitude 300 

All of the macronutrients as well as DIC and TA have higher concentrations at high latitudes. Other bioutilised elements measured 

by GEOTRACES (specifically barium, cadmium, nickel and zinc) also share the same pattern (Table 2).  

4.2.2 Outcome 2 of tests: Not all bioutilised elements increase with latitude 

However, one bioutilised element does not share the behaviour: (i) a plot of Fe against latitude does not show increasing values 

towards high latitudes; (ii) there is no strong correlation with absolute latitude; (iii) statistical hypothesis testing is unable to reject 305 

either the hypothesis of “high latitude concentrations ≤ low latitude concentrations” or the hypothesis of “no correlation between 

concentration and absolute latitude”. We do not attempt to find a definitive answer here to the question of why Fe and Mn do not 

share the same pattern. However, it seems likely that Fe does not share the pattern because it is the proximate limiting nutrient in 

regions of upwelling / strong winter mixing (Moore et al., 2016) (including most high-latitude regions) and as a result is depleted 

to near-exhaustion in those surface waters (particularly in summer, when most ship-based observations are made at high latitudes).  310 

4.2.3 Outcome 3 of tests: biounutilised elements do not increase with latitude 

Plankton in general are not known to have any requirements for La, Y, Al or Pb (Frausto da Silva and Williams, 2001) although 

Al may be used in the siliceous frustules of diatoms (Gehlen et al., 2002). These elements were also tested to see if they exhibited 

a general pattern of higher values at high latitudes, but none did. Plots of values against latitude did not show elevation at high 

latitudes. Although yttrium exhibits a northwards increase along the Atlantic from lowest values at ~50° S to highest values at 315 

~60° N, yttrium values do not increase away from the equator in both directions. For La, Al and Pb, hypothesis testing was unable 

to reject the null hypotheses above and correlation analyses did not find any strong positive correlations with absolute latitude. 

4.3 Probable physical cause of the enrichment of bioutilised elements at high latitudes 

The phenomenon of high latitude enrichment has been shown here to hold true for all bioutilised elements examined except Fe. 

We now speculate as to the most likely cause of this phenomenon.  320 

 

Deep waters have higher concentrations of most bioutilised elements through the actions of the biological pump (Fig. 1). Therefore, 

when deep water is introduced into the surface layer it usually produces an increase in the concentrations there. However, deep 

waters are not often brought to the surface at low latitudes, because of the strong temperature differential between warm surface 

waters and cold deep waters. Deep waters are uniformly cold: (4–15 °C below 500 m, according to GLODAPv2 data) whereas 325 

surface waters between 30° S and 30° N are uniformly warm (15–27 °C above 100 m). The density of seawater is strongly affected 

by its temperature, with warm water less dense than cold water. Although wind driven upwelling does occur at low latitudes 

(Kämpf and Chapman, 2016), such upwelling comes from relatively shallow depths (e.g. < 300 m) rather than from very deep in 

the ocean. Water from these intermediate depths is not so cold (e.g. 10–25 °C between 100 and 300 m) and is therefore able to be 

brought to the surface. 330 
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In short, the overall thermal structure of the ocean (Fig. 5) inhibits water rising from considerable depth to the surface at low 

latitudes but, in contrast, permits it to do so at high latitudes. 

 

Figure 5: Vertical section of temperature versus latitude in the Atlantic. Data source (average of all data from between 40 – 20° W and 1955 335 
– 2012) : World Ocean Atlas 2013, plotted with Ocean Data View (Schlitzer, 2018). 

 

We now consider the physics of the Atlantic Ocean in particular. Upwelling in the Atlantic sector of the Southern Ocean is of 

Circumpolar Deep Water (CDW) from about 1000 m depth. Because of the long time since that water left the surface, it contains 

large quantities of the products of organic matter remineralisation. There is little or no upwelling in the high latitude North Atlantic 340 

but there is deep winter mixing (to depths of 740 m in Greenland Sea and 550 m in Labrador Sea (de Boyer Montegut et al., 2004)). 

However, the water that is entrained in autumn and winter into the deepening surface layer is water that has only relatively recently 

left the surface (because the high-latitude North Atlantic is a deep water formation region, at the beginning of the deep ocean 

conveyor). The deep water that is stirred up into the surface of the high latitude North Atlantic is not greatly enriched in elements 

because it is ‘young’ deep water that has not had time to accumulate the products of particle flux remineralisation to any great 345 

extent; for this reason, the degree of enrichment of surface waters in the high-latitude North Atlantic is not as great as in the 

Southern Ocean. This can be seen in the results of our analyses. Of those elements which exhibit high latitude enrichment, the 

enrichment in the high latitude South Atlantic (Southern Ocean) is always greater than that in the high latitude North Atlantic, 

without exception (Table 2). There is some enrichment in the high latitude North Atlantic, but it is less intense than in the Southern 

Ocean. 350 

4.4. Input of deep water is not the only process 

While it is argued here that there is a general tendency towards increased concentrations of bioutilised elements at high latitudes 

because of deep water inputs, we do not suggest that this is the only process affecting latitudinal patterns in elemental 

concentrations. For instance, an excess of evaporation over precipitation in the subtropical gyres tends to raise concentrations of 

elements there (i.e. at lower latitudes), opposing the pattern described here. This is seen for instance in TA before salinity 355 

normalisation. As described above, biological uptake of the most limiting nutrient until it is exhausted overrides the tendency for 

iron to have higher concentrations at high latitudes. Higher concentrations of DIC at high latitudes are known to be in large part 

due to solubility variations with temperature, as well as the effects of upwelling (Wu et al., 2019). 
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4.5 Arctic counter-example 

Data from the Arctic Ocean (> 65° N) has not been included in this study. However, previous studies have reported generally low 360 

levels of macronutrients, DIC and total alkalinity in the surface waters of the western basin of the Arctic Ocean (e.g. Codispoti et 

al., 2005; Woosley and Millero, 2020), contrary to the general pattern shown here. It is clear that the western Arctic Ocean does 

not follow the rule of high-latitude enrichment.  

  

We presume that the reason why the Arctic does not follow the general pattern is that large volumes of river water enter the Arctic 365 

Ocean each year. Because of this, surface waters in the Arctic are considerably less saline (30-33.5; (Swift et al. 1997)) than deep 

waters (34.93-34.95; (Aagaard, 1981; Jones et al., 1995)). There is a strong halocline across the whole of the Arctic basin (Aagaard 

et al., 1981). So, although there is not a strong vertical temperature gradient in the Arctic, there is a strong vertical salinity gradient. 

Salinity also influences the density of seawater (more saline waters are more dense). For this reason the exchange of surface and 

deep waters is impeded in the Arctic by salinity difference rather than temperature difference, and it is this that prevents supply of 370 

elements from below, allowing concentrations to stay low at the surface (Codispoti et al., 2005; Reigstad et al., 2002; Jensen et al., 

2019). Because of buoyancy of surface waters due to low salinity, the physical mechanism that increases concentrations in most 

high-latitude oceans cannot operate in the Arctic Ocean. 

4.6. Relationship to previous work 

Much previous work on trace element distributions has focussed on understanding vertical patterns (Bruland et al., 2014) and 375 

similarities between vertical distributions of different elements, for instance Cd and P (de Baar et al., 1994; Middag et al., 2018) 

and Zn and Si (Vance et al., 2017; Middag et al., 2019). This paper investigates instead horizontal distributions.  

 

Other work has, like us, investigated controls on horizontal surface distributions of different elements. Many studies have identified 

a pattern of high dissolved Fe concentrations above shelves and close to shore, because of Fe release from sediments (e.g. Johnson 380 

et al., 1997). Continental shelves and margins are an important source of other elements as well, including Mn (Laës et al., 2007) 

and Co (Tagliabue et al., 2018). Inputs of Saharan dust are responsible for the higher dissolved Fe (and Al and Mn) concentrations 

in the subtropical North Atlantic, leading, indirectly, to lower PO4 concentrations in the subtropical North Atlantic than in the 

subtropical South Atlantic (Mather et al., 2008). Rare earth elements (REE) have been found to increase towards coastal and high 

latitude regions in the North Pacific (Hongo et al., 2006). Other known drivers of surface distributions include Fe from volcanic 385 

ash (Duggen et al., 2010), temperature for DIC and river inputs near the mouths of large rivers (Cooley and Yager, 2006). Although 

there is clearly a great variety of controls, the results presented here point to the existence of one common driver that is important 

for all bioutilised elements except iron: deep water exchange at high latitudes exerts a strong influence over the horizontal 

distributions of them all. 

4.7. Predictions 390 

Based on our results from the Atlantic and for a limited number of elements, we make the following testable predictions:  

(1) That other bioutilised elements (ones not measured on GEOTRACES cruises – for instance Ca and Ge) will be found to 

exhibit the same pattern. 

(2) That the patterns found in the Atlantic will also be found in the Pacific. 
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(3) That the degree of enrichment in the high-latitude North Pacific will be greater than that in the high-latitude North Atlantic 395 

(because the deep waters there, at the end of the deep ocean conveyor, have higher concentrations). 

(4) That bioutilised elements not yet measured in the western Arctic will be found to occur at low concentrations. 

5 Conclusions 

The main finding of this study is a general principle that elements taken up by biology tend to be more abundant in high-latitude 

surface waters than in low-latitude surface waters. The reason is that element-rich deep water is able to rise to the surface at high 400 

latitudes because surface waters there have similar temperatures to deep waters. In other words, the vertical pattern induces a 

horizontal pattern: the increase in elemental concentrations with depth promotes an increase in concentrations with latitude. Iron 

is found to be an exception to the rule, presumably because of its role as the limiting nutrient for primary production in upwelling 

regions. Moreover, Arctic surface waters are not enriched – this is explained by the Arctic halocline which prevents exchange of 

surface and deep waters.  405 
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