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Modelled Export Production



P16 Meridional section of salinity – near 
the proposed GEOTRACES transect

NPDW



View of the circulation age of deep 
waters based upon Matsumoto’s 
argument that AABW has a “zero 
age” and the fraction of AABW vs 
NADW that contributes to North 
Pacific Deep Water (NPDW).

NPDW in the eastern North Pacific is 
the oldest in the world oceans.

Fraction of NADW vs AABW



Nitrate and Silicic Acid on the WOCE P16 Section

Examples 
of 
nutrients 
for the 
Pacific 
meridional 
section. 
Imagine 
such 
‘textbook’ 
images for 
all the 
TEI’s.
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From Rob 
Middag, Hein 
de Baar, and 
Bruland on 
samples 
analyzed at 
UCSC.  
Middag et al 
(in prep)

Phosphate with its ‘Nutrient’ Distribution

Dissolved Cd with its ‘Nutrient-type’ Distribution

GEOTRACES Western Atlantic Section carried out by the Netherlands

We can 
look 
forward to 
obtaining 
meridional 
sections 
for TEI’s 
such as 
we have 
for Cd in 
the 
western 
Atlantic.



Recent insight into 
the distribution of Cd 
in the North Pacific

Janssen et al. (2014) 
‘Undocumented water 
column sink for Cd in open 
ocean oxygen-deficient 
zones.’ 

Presented is a profile from 
Stn P in the subarctic 
North Pacific. The authors 
attribute this uncoupling in 
oxygen-deficient zones ‘to 
Cd sulfide (CdS) 
precipitation in euxinic
micro-environments 
around sinking biological 
particles.’

Shaded area represents 
region with dissolved 
oxygen concentrations 
less than ~50 umol/kg.



I plotted the historical 
VERTEX data of 
John Martin and 
Mike Gordon from 
Ocean Stn P (Martin 
et al. 1989) and used 
a value of 0.335 x 
Phosphate to make 
the deep water Cd 
and phosphate data 
similar. The 
dissolved Cd 
depletion relative to 
phosphate within the 
oxygen minimum 
zone is similar to that 
observed by Janssen 
et al. (2014).

A ‘known unknown?’
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Region with dissolved 
oxygen less than 40 
umol/kg



Dissolved oxygen 
and nitrate on the 
P16 meridional 
section. 

The GEOTRACES 
section will be able 
to check this idea of 
a substantial water 
column sink in low 
oxygen waters 
(Janssen et al., 
2014). There is a 
widespread region 
with dissolved 
oxygen less than 40 
umol/kg. It may, 
however, also 
require it to be in a 
region of high 
particle flux/export 
production. Studies 
of Particulate Cd and 
Cd isotopes should 
compliment this.



Bruland (1980)

North 
Pacific

North 
Atlantic

Profiles from Bruland (1980) and 
Bruland and Franks (1983)

In addition, much of the 
dissolved Zn data prior to 
GEOTRACES was of 
questionable quality.

From the GEOTRACES Planning document

Distribution of another nutrient-type 
TEI, dissolved Zn, in a few existing 
profiles prior to GEOTRACES



From Rob 
Middag, Hein 
de Baar and 
Bruland on 
samples 
analyzed at 
UCSC.  
Middag et al 
(in prep)

Zn [nmol/kg]Dissolved Zn with its ‘nutrient-type’ distribution

Silicic acid with its ‘nutrient’ Distribution
GEOTRACES Atlantic Section carried out by the Netherlands

Dissolved 
Zn - another 
example of  
a meridional 
section for  
a nutrient-
type trace 
metal from 
the western 
Atlantic.



From Rob Middag, Bruland and Hein de Baar on 
samples analyzed at UCSC.  Middag et al (in prep)

Dissolved Zn vs silicic acid and nitrate in the Western Atlantic meridional section. 
The deep water values exhibit a strong correlation with respect to both nutrients. 



Above is silicic acid along the 
meridional section of P16 
showing a maxima of >175 
umol/kg at 45o N at depths of 
2000 to 3000 m. On the right 
is the zonal silicic acid 
section at 470 N showing a 
maxima of 190 umol/kg at 
these depths off the North 
American slope.

What do we know about the Pacific?



Interesting new data from the GEOTRACES zonal section of the South 
Pacific showing the influence of hydrothermal inputs providing a major 
source of ’excess Zn’ at depths of  ~2500 meters (Roshan et al. 2016).



However, the proposed 
GEOTRACES meridional 
section may be too far West 
to clearly detect the 
hydrothermal component of 
‘excess Zn’ in the dissolved 
Zn distribution. A high 
degree of precision and 
accuracy will be required.

del 3He for 
the P16 
section in 
the Pacific 
showing 
hydrotherm
al inputs 
extending 
off axis out 
to the P16 
meridional 
section.



Another recent idea 
concerning Zn

Janssen & Cullen (2015) 
‘Decoupling of zinc and 
silicic acid in the 
subarctic northeast 
Pacific interior’

Janssen and Cullen (2015) 
propose that this data is 
evidence implicating the 
formation of solid Zn sulfides 
in low oxygen, particle-
associated micro-
environments as an 
important loss term in the 
oceanic Zn budget.

Data from 
the subarctic 
Pacific



The proposed 
GEOTRACES 
meridional section with 
silicic acid-rich deep 
water, low oxygen 
intermediate depth 
waters, and off-axis 
hydrothermal influence 
should allow these 
various inputs and 
sinks for dissolved Zn 
to be evaluated. 

Non-contaminated 
samples analyzed with 
a high degree of 
accuracy and 
precision will be 
required. Particulate 
Zn and isotopes 
should also 
compliment this effort.



From Bruland, Middag and Lohan (2014)

What about particle reactive, scavenged-type, TEI’s?

Dissolved Al: We knew Al had a scavenged-type 
distribution based upon the limited profiles available prior 
to GEOTRACES. 



Orians and Bruland (1985)

Central 
North Pacific 
VERTEX T4

Central    
North Atlantic

Central 
North Pacific

Subarctic 
Pacific, Stn P
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These values at 
intermediate depths in the 
subarctic North Pacific are 
a factor of 500 times less 
than at corresponding 
depths in the North Atlantic 
- the most dramatic inter-
basin fractionation of any 
TEI! We will have to ensure 
adequate sensitivity and 
detection limits for these 
pmol/kg concentrations of 
dissolved Al.

This North Pacific meridional 
section will be particularly 
interesting for aluminum

Dissolved Al (nmol/kg)



The net 
scavenging rate 
constant of 234Th 
from the surface 
mixed layer 
(Bruland et al., 
2014). 
Note the intense 
scavenging of 
dissolved 234Th in 
the subarctic 
Pacific that is 
consistent with the 
low dissolved Al 
concentrations we 
have observed in 
this region. 
Other particle 
reactive TEI’s 
such as scandium 
(Parker et al. 
2016) will also be 
of interest).

Figures from Bruland and Lohan (2003) 
and Bruland, Middag and Lohan (2014)
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Inside and outside anti-cyclonic eddies in 
the Gulf of Alaska, Subarctic North 
Pacific (Brown et al., 2014). Note the 
extremely low concentrations of 
dissolved Al outside of the anti-cyclonic 
eddies. Background concentrations are 
on the order of 20 pmol/kg in the Gulf of 
Alaska outside of the influence of the 
anti-cyclonic eddies. A factor of 1000 fold 
lower than in the North Atlantic. This will 
be an analytical challenge that needs to 
be met.

In the Gulf of Alaska region of the Sub-Arctic 
Pacific with intense scavenging we have 
observed exceptionally low dissolved Al values.



North Pacific Intermediate Water (NPIW) is formed at the northwestern 
corner of the subarctic Pacific where the surface water in winter is cold and 
relatively salty - but only enough to sink to depths of ~500 meters.

This surface water with a 
temperature of 0 to 20C 
and a salinity of between 
33.0 and 33.5 can yield 
relatively dense water 
with a sigma-t or t of ~
26.5 kg/m3



Bill Jenkin’s tritium-helium 
ages along the 26.5 
isopycnal. In the North 
Pacific, this density layer 
outcrops in the western 
North Pacific in winter and 
then forms NPIW water 
that mixes eastward at 
intermediate depths and 
ages - but at a very 
different time scale than 
the deep waters.



Density

Salinity

CFC-11

26.0

27.0

Salinity minimum 
in the NPIW at a 
density close to 26.5

Upper 1000 m of P16 highlighting Intermediate Waters

Old deep water from 
below mixing with NPIW

CFC-11 maximum 
in the NPIW 



Lead: a TEI 
influenced by 
anthropogenic 
sources

Vertical profile of 
dissolved Pb at the 
SAFe station obtained 
by a variety of 
GEOTRACES 
scientists. A maximum 
close to the 26.5 
isopycnal similar to 
CFC-11.

Dissolved Pb in the upper 1000 m on the P16 section (Bill 
Landing and Angie Milne unpublished). They also have data 
on other trace metals in the upper 1000 m that Bill Landing 
hopes to get submitted by the end of this year.

/kg)



Time series of vertical profiles of lead showing a decrease from 
1979 to 2008 corresponding to decreasing atmospheric inputs. 
The data from 1984 to 2008 was from Ed Boyle’s lab, while the 
1979 data was from Schaule and Patterson (1983).

(pM)

Dissolved Pb – an anthropogenic tracer with a transient input
Data from the NW Atlantic BATS 
1979-2008 (Lee et al., 2011) 

GEOTRACES in 
the Atlantic has 
continued this 
time series. 

A time series in 
the North Pacific 
may soon be 
possible. 

Pb isotopes 
compliment this 
effort.



With the proposed cruise being in 
September, there is another 
interesting aspect to examine. A 
seasonal thermocline develops with a 
shallow summer-time surface mixed 
layer and a photic zone deeper than 
the mixed layer with export from 
within the seasonal thermocline that 
is part of the photic zone.

Bruland et al. (1984)



John Martin and Mike Gordon’s VERTEX dissolved Fe data for a 
meridional transect in the North Pacific (Martin et al., 1989)

SAFe stn,  VERTEX T4 

GEOTRACES Pacific Intercalibration

John purposely left out details of the near surface 
mixed layer data and essentially started this 
section at a depth close to 100 m. A September 
sampling will provide interesting data as the 
shallow surface mixed layer and seasonal 
thermocline will have existed all summer. The 
aerosol studies will compliment this detailed 
surface mixed layer sampling.



No more time left to continue with ‘knowns and unknowns’ 
of the suite of other TEI’s, or aspects of chemical 
speciation and organic ligands

You are fortunate to be participants in this grand 
GEOTRACES adventure. 

I consider myself to be extremely fortunate to have been a 
colleague of this bio-geochemistry community for my 40-
year career (1974-2014) at UC Santa Cruz and being 
involved in helping GEOTRACES get started. I will follow 
your progress with great interest.

Finally, I’d like to acknowledge Geoffrey Smith and all the 
graduate students and post docs that have been involved 
in my research group – a number of whom are currently 
active in GEOTRACES.


