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Abstract 

Oxygen minimum zones (OMZs) are thought to be regions of decreased carbon attenuation in 

the upper ocean with a biological pump that could deliver a greater percentage of exported carbon 

to the mesopelagic relative to surrounding waters. However, much is still unknown about carbon 

cycling through these zones and the areas of extreme oxygen minima (nM O2) or oxygen deficient 

zones (ODZs) within the OMZs. Paired sampling for 234Th (t½ ~24.1 days) and particulate organic 

carbon (POC) was performed along a zonal transect between 77° W and 152° W during the U.S. 

GEOTRACES Southeastern Tropical Pacific campaign in 2013 in order to constrain the magnitude 

of carbon export and remineralization through the Peruvian OMZ. POC export varied by an order 

of magnitude from the coast to 152° W, reflecting a decrease in POC:234Th ratios (>51 μm) with 

distance offshore and the influence of upwelling at the coast. Modeling indicated that 234Th fluxes 

could be underestimated at coastal stations by up to 4-fold without adjustment for the impact of 

upwelling, which in turn would produce much lower carbon export estimates. 

Low carbon Export:NPP ratios (<0.15) at the base of the euphotic zone (Ez) in the gyre support 

previous findings of inefficient surface export via the biological pump in the southeastern tropical 

Pacific. A broad remineralization feature beginning at Ez was observed across >7500 km that 

resulted in, on average, 3% of the POC exported from the euphotic zone reaching 100 m below 

Ez. Although the highest percentages (>10%) of total exported POC at 100 m below Ez were 

observed in the coastal ODZ region, the observed remineralization was also most pronounced these 

stations. While an average of 75% of the carbon export from the euphotic zone remained at Ez 

+100 m in the gyre, a range of 10% to 50% was observed at ODZ stations, reflecting increased 

attenuation. Local subsurface minima in light transmission and maxima in fluorescence were 

observed in the regions of greatest remineralization at the upper ODZ boundary, suggesting that 

complex bacterial community dynamics play a role in increased attenuation through these zones. 

With ODZs and OMZs predicted to grow worldwide with climate change, these areas require 

further large-scale and seasonal studies to assess the permanency of these attenuation features and 

the impact of high Gyre and lower ODZ transfer of POC on the overall efficiency of carbon export 

in the Pacific. 
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2.1 Introduction 

Oxygen minimum zones (OMZs) are permanent subsurface (50 m to 1000 m) features in the 

global ocean where dissolved oxygen can drop to extreme minima due a combination of weak 

ocean ventilation and the respiration of sinking organic matter (Karstensen et al., 2008). Oxygen 

deficient zones (ODZs) are defined as the regions within OMZs where oxygen levels reach near 

or below detection using traditional methods (O2<1 µM, see Section 2.2.6). These ODZs are 

characterized by coastal upwelling, which brings nutrient rich water to the surface and creates 

extensive, high productivity regions (Barber et al., 2001; Fiedler et al., 1991). Although these 

coupled high productivity-low oxygen regions currently compose only 8% of the world’s ocean 

area (Paulmier and Ruiz-Pino, 2009), ODZs are also one of the only regions of the ocean where 

nitrogen loss occurs (Codispoti et al., 2001; Lam et al., 2009) and their overlying waters boast 

some of the highest, non-coastal annual rates of net primary production (NPP) worldwide (Siegel 

et al., 2014). The Peruvian upwelling system, in particular, has tremendously productive shelf 

waters, supporting one of the world’s largest natural fisheries (Montecino and Lange, 2009). Local 

marine ecosystems could be substantially impacted as changes in Earth’s climate result in further 

expansion of the world’s OMZs and ODZs (Stramma et al., 2010, 2008). 

In order to predict and model the impact of global climate change on oceanic carbon and 

nutrient budgets, the controls on regional export via the biological pump need to be better 

understood.  The biological pump composes the processes that transform and transport organic 

matter beginning with the fixation of inorganic carbon dioxide in the shallow ocean 

(photosynthesis) and ending with the transport to depth or remineralization of particulate organic 

carbon (POC) to dissolved forms (Matear and Hirst, 2003). It has been predicted that without this 

means of sequestration and transport of carbon to the deep ocean, the earth could see an increase 

in atmospheric carbon dioxide of 200 ppm (Sarmiento and Toggweiler, 1984). Sequestered POC 

need not reach the sediments to be removed from ocean-atmospheric interactions for millennia 

(Kwon et al., 2009) and so quantifying the export and remineralization of POC and nutrients in the 

upper 100s of meters is vital. Shallow, low oxygen zones have the potential to produce enhanced 

export at depth relative to more oxygenated regions of the ocean as a result of observed decreases 

in the attenuation of organics through OMZs (Roullier et al., 2014; Van Mooy et al., 2002). 
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The 234Th-238U disequilibrium method is one of the most established means of studying export 

and particle dynamics in the upper ocean over time scales of days to weeks (Bacon et al., 1996; 

Benitez-Nelson et al., 2001; Bhat et al., 1969; Buesseler et al., 1992; Coale and Bruland, 1987). 

234Th (t ½ = 24.1 days) is highly particle reactive, while its long-lived 238U parent (t ½ = 4.47 

billion years) behaves conservatively with respect to salinity in the ocean (Not et al., 2012; Owens 

et al., 2011). As a result of its long half-life and ubiquity in the ocean, 238U is generally at secular 

equilibrium with its 234Th daughter (activity ratio = 1) throughout much of the water column. In 

the surface ocean, a deficit between 234Th and its parent is created when particles transporting 234Th 

sink faster than new 234Th is created via decay. This disequilibrium is used to calculate a particulate 

234Th flux. If the element:234Th ratio on particles is known, the flux of the element can be found 

(Buesseler et al., 2006, 1992). As higher resolution profiles have become available, the 234Th 

method has also been used to identify areas of intense remineralization just below the sunlit surface 

ocean (Buesseler et al., 2008; Maiti et al., 2010; Savoye et al., 2004). 

Until the 2010s, the only prior 234Th data from near the 12° S line came from the JGOFS 

equatorial Pacific program in the early 1990s (Bacon et al., 1996; Buesseler et al., 1995; Murray 

et al., 1996). Sampling methods for these studies varied from high volume, discrete depth pumping 

(Bacon et al., 1996) to drifting traps (Murray et al., 1996) to oscillating a pump over the upper 100 

m to obtain an average surface value (Buesseler et al., 1995). Unlike previous studies, whose 

results were often limited spatially (a few locations with high sample numbers) or by a lack of 

depth resolution, this campaign allowed for an unprecedented look at this region’s surface ocean 

with almost 340 total 234Th samples in the upper 400 m. The data presented here reflect distinct 

features along the transect that might have been missed with poorer sampling resolution.  

2.2 Methods 

Samples were collected aboard the R/V Thomas G. Thompson between October 29th and 

December 18th, 2013. This cruise, the U.S. GEOTRACES Eastern Pacific Zonal Transect (GP16-

TN303) will be referred to as ‘the transect’ here. Sampling began off the coast of Lima, Peru and 

continued westward to Tahiti between 10° S and 20° S. Sampling for total and particulate 

parameters was completed at a total of 22 stations (black squares and grey circles, Fig. 1). To 

increase spatial resolution, total samples were also taken at 13 additional stations in the upper 1000 

m (white circles, Fig. 1). Although 234Th samples were collected throughout the full water column, 
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data available through BCO-DMO (http://www.bco-dmo.org/dataset/643213; see Database 

References), the analysis presented here will focus on the upper water column only (0 to 400 m). 

2.2.1 Total 234Th collection and analysis 

Total 234Th samples were collected at 35 stations. At ‘super’ stations (1, 11, 18, 26, and 36) 

and ‘full’ stations (7, 9, 13, 15, 17, 20, 21, 23, 25, 28, 30, 32), 8 to 13 discrete depths were sampled 

through the upper 400 m (Fig. 1). At the remaining stations, 8 to 12 depths were sampled in the 

upper 400 m, which for shallow shelf stations covered most of the water column. A standard, 12-

Niskin rosette was used to collect the total 234Th samples from the upper 400 m and between 4 and 

9 of the rosette depths were matched to those of in-situ pumping systems deployed on a subsequent 

cast to obtain particulate 234Th. At a third of the stations, surface samples for total 234Th were 

collected from the ship’s underway system (~5 m below the surface) and on a few occasions 1 to 

2 extra shallow depths were sampled using wire-attached Niskin bottles above in-situ pumps on 

later casts. Additional total samples were taken to improve the resolution of shallow features. 

Total 234Th analyses followed the small volume, 4 L method developed in Buesseler et al. 

(2001) and detailed in Owens et al. (2015). An exact 1 mL aliquot of 230Th (46.34 dpm g-1) was 

used as the yield monitor. Quartz microfiber filters (QMA) were used to collect the precipitate 

from the 4 L process and immediately dried. 234Th measurements were made with RISO 

Laboratories anti-coincidence beta counters. Filters were counted twice for a minimum of 12 h at 

sea. As long as the calculated gross counts per minute from these 2 measurements were within 

10%, they were averaged for the at-sea 234Th value. The filters were counted again ~6 months later 

to quantify the background radioactivity due to the beta decay of long lived natural radionuclides 

that are also precipitated. The mean value of the at-sea counts (decay-corrected to the time of 

collection) minus the background value for each filter is reported here as the 234Th activity (dpm 

L-1).  

In order to determine 234Th activity deficits, 238U activities were calculated using the salinity 

relationship described in Owens et al. (2011) and shown here: 

𝑈238 (±0.047) = (0.0786 ± 0.00446) ∗ 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦 − (0.315 ± 0.158)     (Eq. 1) 

where 238U activity is in dpm L-1. The efficiency of the beta detectors was determined by 

minimizing the 234Th deviation from 238U for samples collected from regions of the water column 
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where 234Th and 238U are expected to be at equilibrium. These included depths below 1000 m and 

above 500 m off the seafloor that were not near the coastal shelf or the hydrothermal vent. For 

these samples (n = 93) the mean derived 238U activity and standard deviation (s.d.) were 2.407 ± 

0.004 dpm L-1, a value well within observed natural ranges (Owens et al., 2011). High activity 238U 

standards were measured periodically to track any changes in detector operation.  

The reported 234Th activities were corrected for the chemical recovery efficiency of the 234Th-

Mn precipitate method. To determine the percent recovery of the added 230Th tracer, the method 

detailed in Pike et al. (2005) was followed without the initial ion exchange column chemistry steps. 

Filters were leached in a nitric acid-hydrogen peroxide solution and 1 gram of a 229Th yield monitor 

(68.87 dpm g-1) was added. Samples were then sonicated for 20 min, allowed to stand covered 

overnight, diluted, and prepared for analysis by ICP-MS. The mean chemical recovery for all 

samples was 90.8% with a median value of 91.6%.  

2.2.2 Particulate 234Th, carbon, and nitrogen collection and analysis 

Particulate 234Th samples were taken using dual-filter head McLane in-situ pumping systems 

(Bishop et al., 2012). At super stations, 3 pump casts were performed with 5 to 9 depths in the 

upper 400 m (black squares, Fig. 1). Pumps were deployed to capture 4 to 6 depths in the upper 

400 m on 2 casts at full stations and on 1 cast at shelf stations 2 to 5 and at station 34 (grey circles, 

Fig. 1). The filter heads each contained a 51 µm pore size pre-filter followed by either a Supor 

filter or a pre-combusted and acid-leached QMA filter with a nominal pore size of 1 µm (Lam et 

al., 2015b). The material on the 51 µm pre-filter from the Supor filter head was rinsed onto silver 

filters using 0.1 µm filtered seawater and dried. The 142 mm QMA filter was oven dried and 

subsampled with a 25 mm punch. Both the silver filter and the 25 mm QMA subsample were 

counted once at sea and ~ 6 months later. The average sample volume through the 51 µm pre-filter 

was 404 L and for the area of the QMA subsample was 41 L. The >51 µm sample will be referred 

to as the large size fraction (LSF) and the 1 µm to 51 µm as the small size fraction (SSF). 

Particulate organic carbon (POC) and organic nitrogen (PON) were measured after all 234Th 

analyses were completed. The silver and 25 mm QMA were acid-fumed with concentrated HCl 

and then POC and PON were measured by combustion. Measurements were made on 2, 12 mm 

diameter punches of the QMA filters with a Flash EA1112 Carbon/Nitrogen Analyzer and using a 

Dynamic Flash Combustion technique. Half of the silver filters were used for POC analysis on 
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either a Carlo Erba 1108 or a CE Instruments NC2500 elemental analyzer interfaced to a 

ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer. Measurements were blank 

corrected using dipped blanks housed near the filter heads on 1 pump from each cast. The s.d. of 

the blank filters was used to estimate the error in the POC and PON measurements. The SSF dip 

blank s.d. for the full water column was 21.8 µmolC/filter, with a maximum sample value (0 m to 

500 m) of 9.4 µmolC. The SSF dip blank s.d. for nitrogen was 6.1 µmolN/filter. The LSF s.d. for 

carbon was 0.50 µmolC/filter and the maximum surface sample value was 3.3 µmolC. The LSF 

s.d. for nitrogen was 0.13 µmolN/filter. 

2.2.3 Net primary production 

NPP was estimated at each station using MODIS.r2014 satellite products. NPP data from a 

0.017º by 0.017º region (~335 km2) containing each station were derived with a carbon-based 

productivity model (CbPM, Westberry et al., 2008) by Oregon State University Ocean Productivity 

(http://www.science.oregonstate.edu/ocean.productivity/). An average NPP for each station was 

determined for the previous 16 days prior to the sampling date using a weighted average of 8-day 

NPP products. This time period is similar to the integrated residence time of 234Th in the upper 

water column, which has been estimated at days to a couple weeks (Coale and Bruland, 1987; 

Turnewitsch et al., 2008) and provides a better time scale match for the 234Th-derived export 

estimates than 12 h to 24 h incubations (Henson et al., 2011).  The response time scale of 234Th, 

equivalent to 1/(λ+k), accounts for both the mean life of the radioisotope (1/ λ or 24.1 days/loge2) 

and scavenging (k) by particles (Turnewitsch et al., 2008). NPP was also determined for the 30 

days prior to sampling and with the exception of Shelf stations 2 to 5, the 30-day NPP values did 

not differ from 16-day averages by >5% or 2 mmolC m-2 d-1, on average. 

2.2.4 Particulate export flux of 234Th 

234Th activity in the surface ocean can be described as a balance between production from 238U, 

decay, sinking flux, and transport in the following equation: 

𝜕 𝑇ℎ234

𝜕𝑡
= 𝑈𝜆𝑇ℎ

238 − 𝑇ℎ𝜆𝑇ℎ
234 − 𝑃 + 𝑉     (Eq. 2) 

where 234Th is the activity of total 234Th in dpm L-1, 238U is the salinity-derived activity of uranium, 

λTh is the decay constant for 234Th (0.0288 day-1), P is the net removal of 234Th on sinking particles 

(dpm L-1 d-1), and V is the sum of the advective and vertical diffusive fluxes (dpm L-1 d-1). If a 
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system is at steady state, the change in activity with time is assumed to be equal to zero. In many 

open ocean locations, horizontal and vertical transport processes can be assumed to be negligible 

(<10% of total flux contribution) over the timescales relevant to the sinking flux of 234Th and the 

uncertainties of the flux estimates (Cai et al., 2010, 2008; Savoye et al., 2004). If the steady state 

assumption is valid and the advective and diffusive fluxes are ignored, particulate 234Th export can 

be determined using the following equation: 

𝑃𝑇ℎ @ 𝑧  = 𝜆𝑇ℎ ∫ ( 𝑈238 − 𝑇ℎ234 )
𝑧

0

𝑑𝑧     (Eq. 3). 

The particulate flux of 234Th or P (dpm m-2 d-1) is integrated to depth z, the base of the euphotic 

zone (Ez) or 100 m. It can be difficult to determine whether steady state and one-dimensional (1-

D) assumptions hold true without repeated sampling campaigns to the same region or without the 

use of other tracers. These assumptions are discussed in more detail in Sections 2.3.5 and 2.4.1. 

2.2.5 Euphotic zone 

The euphotic zone, generally defined from the ocean’s surface to the point in the water column 

where 0.1% to 1% of the flux of incident photosynthetically available radiation (PAR) is reached, 

is a desirable depth range of integration for surface POC export (Boyd et al., 2008; Siegel et al., 

2014). In theory, Ez marks the point at which NPP goes to zero (net production = gross production 

− phytoplankton respiration). Above Ez, POC is created and remineralized, while below this 

boundary POC is only remineralized or produced by chemosynthetic pathways of much smaller 

magnitudes. Because PAR data were not available, the ‘particle production zone’ method was 

adopted as a euphotic zone proxy (Owens et al., 2015). Ez was determined by locating the depth 

where fluorescence reached 10% of its maximum (Ohnemus et al., 2016). The average particle 

production zone depths for all stations are referred to here as the average Ez depth. Although the 

variable-depth Ez is informative for looking at surface export efficiency, 100 m flux estimates for 

234Th and POC were also determined for comparison with prior studies.  

2.2.6 Oxygen data usage and saturation calculations  

Oxygen levels can directly influence community structure and zooplankton migration, indicate 

the extent of remineralization occurring, and will undoubtedly influence carbon and nutrient 

cycling (Bianchi et al., 2013; Goericke et al., 2000; Maas et al., 2014; Seibel et al., 2016). A 

separate Sea-Bird CTD oxygen sensor (SBE 43, limit ~ 3 µM) was deployed with the 
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GEOTRACES (GTC) and Ocean Data Facility (ODF) rosettes. Only the ODF data from the 

shallow 234Th cast was used because of the observed variation in the raw oxygen sensor data from 

one CTD to the next and from one cast to the next (Supp. Fig. 1). In addition, only the upcast data 

was used due to the large difference in the response of the oxygen sensor between the up- and 

downcasts (Supp. Fig. 2). Upcast data also matched well with the Winkler bottle measurements 

(limit ~ 1 µM, Supp. Fig. 2). 

Oxygen is expressed as a percent, referred to as oxygen saturation, to facilitate station to station 

comparison across the >7500 km transect (Ohnemus et al., 2016). Oxygen saturation values were 

generated using the 1-m binned ODF SBE 43 oxygen data and the Gibbs-SeaWater Oceanographic 

Toolbox (McDougall and Barker, 2011). The depths below the mixed layer where oxygen 

saturation drops rapidly to the local oxygen minimum, will be referred to as the upper oxycline. In 

the most offshore stations, the upper oxycline ended in a minimum of ~30% saturation, so a 30% 

oxygen saturation boundary was used when comparing parameters between all stations.  

Similar to what was performed in Ohnemus et al. (2016) using the GTC data, the upper 

boundary of the oxygen deficient zone was defined as the first appearance of significant curvature 

in the ODF saturation data starting at the water column oxygen minimum and moving towards the 

surface.  The gradient criterion was a 0.05% change in saturation between 3 successive 1-m data 

bins. In broad terms, oxygen deficient suggests levels below the limit of traditional Winkler 

titrations (~1 µM), but aerobic processes could still occur and nanomolar concentrations are typical 

in these low oxygen cores (Tiano et al., 2014). Because of the SBE and Winkler method limits, as 

well as the low resolution of the Winkler measurements through the base of the oxycline, we do 

not state an exact oxygen saturation value that marks the boundary between low oxygen and 

oxygen deficiency. We used the curvature criterion to define the depth of this boundary, where the 

oxygen sensor data definitively indicated that oxygen saturation began to change rapidly. 

2.3 Results 

The following section contains a brief summary of the results for total 234Th, particulate 234Th, 

NPP, and 234Th flux. The results for derived parameters that required more complex assessments 

and calculations, including the consideration of upwelling impacts on 234Th export, the estimation 

of 234Th remineralization, and the determination of POC fluxes, are contained in the Discussion. 

2.3.1 Zonal delineation 
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The transect was divided into 3 biogeochemical zones by Ohnemus et al. (2016), including the 

Shelf ODZ (stations 1 to 5, 77° W to 79.5° W), the Offshore ODZ (6 to 13, 79.5° W to 100° W), 

and the Gyre (14 to 36, 100° W to 152° W). Patterns in 234Th deficits,234Th excesses, POC:234Th 

ratios, and NPP generally followed these zones and so the same station delineations are used here, 

with one exception (Fig. 1, Table 1). Stations 14 and 15 have been included in the Offshore ODZ 

instead of in the Gyre, making the zonal boundary 105° W.  As will be discussed below, these 

stations did not reach oxygen deficiency, but were more similar to the Offshore ODZ stations in 

other biological characteristics. The zones will be referred to here as the ‘Shelf’, ‘Offshore’ and 

‘Gyre’. 

In summary, the Shelf was dominated by microplankton (diatoms and dinoflagellates, 

Ohnemus et al., 2016) with an average mixed layer depth (MLD) of 21 m and an Ez of 43 m (Table 

2, Supp. Table 1). The averages for the Offshore showed a >2-fold deepening of all features with 

a MLD of 59 m and Ez of 123 m. The Offshore boundary was moved to station 15 because pigment 

analysis showed a dominance of nanoplankton in the top 100 m until station 15 (Ohnemus et al., 

2016) and a large contrast in SSF 234Th activities was also apparent between stations 15 and 17 

(Fig. 2D). Below 100 m, picoplankton dominated in the Offshore. In the Gyre, the MLD average 

was similar to that of the Offshore at 60 m and the average Ez was the deepest of the 3 zones at 

169 m. The Gyre was dominated by picoplankton. 

Oxygen saturation varied from a low of 0.2% within the ODZ at 89° W to >100% in the surface 

mixed layer (Fig. 2, Supp. Table 1). Saturation values were lowest in the Shelf where the average 

upper boundary of the ODZ was 54 ± 12 m (s.d.).  The depth of minimum oxygen saturation in the 

Shelf was 90 ± 45 m with an average oxygen saturation value at this depth of 0.4 ± 0.1%.  In the 

Offshore, stations to the east of 100° W (station 13) contained zones of oxygen deficiency and 

those to the west contained only oxygen minima. For those stations with an ODZ boundary, the 

average depth was 152 ± 56 m. The average depth of the oxygen minimum in the Offshore was 

200 ± 85 m and the average saturation at this depth was 1.5 ± 2%. The deepest oxygen minima 

were found in the Gyre with an average value of 14 ± 8% and a depth of 337 ± 25 m.      

2.3.2 Total and particulate 234Th 

Total 234Th activities ranged from 0.52 dpm L-1 to 2.95 dpm L-1 for all depths sampled (Fig. 

3). All stations that were occupied showed pronounced surface deficits of 234Th relative to 238U. 
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Shelf stations had the greatest surface deficits of 234Th (up to 2 dpm L-1) with 234Th activities 

dropping as low as 0.5 dpm L-1 (Fig. 3). Although the MLD and Ez deepened with distance 

offshore (Supp. Table 1), 234Th surface activities were remarkably consistent from 80° W. In a 

typical open ocean setting, 234Th and 238U profiles (Fig. 3) can resemble those found at Station 33 

(no measureable excess 234Th in the subsurface) or those at Station 9 (excess 234Th in the 

subsurface). The Shelf profiles generally did not show an excess of 234Th and reached equilibrium 

10 m to 30 m below Ez, but above 100 m. The influence of upwelling on these profiles is discussed 

in Section 2.4.1. Subsurface excesses were observed at most other stations. The transition from 

deficit to excess was reached at or near Ez from the Shelf until 110° W. After 110° W and starting 

at station 18, Ez dropped below this transition point into the zone of excess 234Th. The coincidence 

of Ez and the deficit-excess transition occurred again between 142° W and 152° W.   

The SSF composed the majority of particulate 234Th measured along the transect. The SSF 

ranged from 20% to 50% of the total 234Th in the top 100 m and 10% to 40% between 100 m and 

200 m (Fig. 2D). Almost all values above 40% for the SSF were confined to the top 50 m between 

120º W and 130º W. Less than 10% of 234Th total was observed to be in the LSF, except from 

91.5° W to 96.5° W, where values reached 10% to 20% of the total 234Th (Fig. 2E). A distinct high 

in the percentage of both particulate size fractions was also observable along the oxycline at the 

top of the ODZ in the Shelf and the Offshore regions, although it was most pronounced in the SSF. 

This feature also aligned with a decrease in light transmission (Fig. 2B).  

2.3.3 Particulate carbon:234Th and nitrogen:234Th 

For this study, the analysis is limited to element:234Th ratios between the MLD and 400 m, the 

region of the water column that is relevant for 234Th-derived export at Ez and subsurface 

remineralization calculations. In general, LSF POC:234Th ratios decreased with depth and with 

distance offshore (Fig. 4). The highest euphotic zone ratios (non-mixed layer) were found in the 

Shelf, reaching >15 µmol dpm-1, and in the Offshore and Gyre these ratios were <4 µmol dpm-1. 

Below 100 m, very little change in ratios with depth was observed. The mean subsurface 

POC:234Th was calculated for each zone by averaging all samples below Ez and above 400 m 

(Table 2). The Shelf average was highest at 1.4 ± 0.3 µmol dpm-1 (s.d.) and dropped to 0.9 ± 0.2 

µmol dpm-1 and 0.7 ± 0.1 µmol dpm-1 in the Offshore and Gyre, respectively.  
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LSF particulate organic nitrogen (PON) to 234Th showed a decrease across the transect of similar 

magnitude to that observed for the LSF POC: 234Th (Supp. Fig. 3). Ratios decreased with depth 

and the maximum value measured below the MLD in the top 400 m was ~3 µmol dpm-1. The 

subsurface (Ez to 400 m) Shelf average was highest at 0.2 ± 0.05 µmol dpm-1. The averages for 

the Offshore and Gyre were about half at 0.10 ± 0.04 and 0.08 ± 0.03, respectively.  

LSF element:234Th ratios are generally used when calculating export because this fraction has 

been operationally defined as representative of ‘sinking’ particles (e.g. Bishop et al., 1977). 

Differences in the LSF and SSF element:234Th ratios were assessed as a check on how similar 

sinking ratios were to suspended ones. Like the LSF, the SSF 234Th ratios for both POC and PON 

generally decrease with depth and east to west across the transect (Table 2). In each zone, the 

subsurface (Ez to 400 m) average of SSF POC:234Th ratios was within one standard deviation of 

the LSF ratio average. While the overlap of LSF and SSF POC:234Th within the estimated 

uncertainty ensures that flux estimates using the LSF ratios are representative of all potentially 

sinking material, this overlap is atypical. For example, in the Gulf of Mexico pump samples taken 

at 120 m showed an increase from 2.8 µmol dpm-1 to 34.4 µmol dpm-1 to 124.7 µmol dpm-1 when 

going from the 10-50 µm to the 50-150 µm and to the >150 µm size fraction, respectively (Hung 

et al., 2010). 

2.3.4 Net primary production 

NPP estimates for the 16 days prior to sampling ranged from 34 mmolC m-2 d-1 to 61 mmolC 

m-2 d-1 in the Offshore and Gyre, while the Shelf NPP values ranged from 63 mmolC m-2 d-1 to 

188 mmolC m-2 d-1 (Table 3). The highest NPP observed was at station 2 in the Shelf and the 

lowest was station 36, in the Gyre. NPP in the Shelf varied substantially in the month prior to 

sampling, dropping as low as 8 mmolC m-2 d-1 at station 3 in late October and rising to >3000 

mmolC m-2 d-1 at station 2 just 8 days after. The 16-day NPP for the non-Shelf stations was very 

consistent at 48 ± 6 mmolC m-2 d-1 (s.d.). 

Averages for the 8 days prior to sampling and annual estimates (1997 to 2008) from the 

SeaWIFS-based GBC14 global carbon export model (Siegel et al., 2014) have been included here 

for comparison (Table 3). The 8-day and annual averages for NPP were within 1 mmolC m-2 d-1 

to 4 mmolC m-2 d-1 except for a few stations in the Shelf. Annual and 8-day export estimates 

derived with the GBC14 model were also very similar. The largest differences between the 8-day 
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SeaWIFS and the 16-day MODIS NPP values were seen in the Shelf and the Gyre. Despite these 

differences, the same general trend was observed in both datasets: higher NPP in the Shelf and the 

region around 140° W (Table 3). Considering all stations, the SeaWIFS 8-day NPP values were 

only 13% higher (and the annual only 9% higher) than the MODIS NPP estimates, on average 

(Table 2). 

2.3.5 Particulate flux of 234Th 

Steady state, 1-D estimates of 234Th fluxes using 100 m and Ez as integration depths produced 

similar results for most stations (Tables 1 and 2, Supp. Table 2).  The 100 m estimate was not 

consistently higher or lower than the Ez-based estimate, but in the Offshore and Gyre results from 

both methods were within uncertainties, except for at stations 14 and 26. Including estimates 

derived at both depths, 234Th fluxes ranged between 900 dpm m-2 d-1 and 2700 dpm m-2 d-1. The 

average 234Th flux at Ez for the Shelf, Offshore, and the Gyre zones was 1400 dpm m-2 d-1, 1900 

dpm m-2 d-1, and 1600 dpm m-2 d-1, respectively (Table 2). This consistency in 234Th flux with 

distance offshore was unsurprising considering the observed similarities in surface deficit 

magnitude and depth (Fig. 2F). The average 234Th flux (un-adjusted for upwelling) for the transect 

was 1600 dpm m-2 d-1 for both methods.  

The steady state assumption for the 234Th flux calculations was evaluated using the MODIS-

derived NPP for each station. Between September and December, the region between 80° W and 

152° W showed very little change in surface NPP. Excluding stations 2, 3, and 4, the average 

percent change in NPP across the transect between the 16-days prior to sampling and the previous 

16 days was 1 ± 13%. While variations in NPP cannot be directly related to changes in 234Th 

activities over the same time period, the negligible change in NPP suggested that the Offshore and 

Gyre regions were not experiencing a significant bloom that could have impacted 234Th activities 

and that a steady state model was sufficient. The Shelf stations 2, 3, and 4 (77° W to 78° W), on 

the other hand, showed a larger change in NPP between these 16 day periods, with increases of 

~760%, 410%, and 130%. Coastal zones are notoriously difficult for quantifying spatial and 

temporal changes in NPP and export, especially with satellite-derived data (Saba et al., 2011). The 

observed swings in progressive 8-day NPP estimates for these 3 stations are evidence of the 

challenges inherent in estimating NPP for coastal regions. For example, between late October and 

the end of December the average NPP at station 2 was 130 mmolC m-2 d-1 with a s.d. of almost 90 
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mmolC m-2 d-1. Due to the lack of in-situ NPP and temporal 234Th data along this 1° of longitude, 

we do not attempt to constrain the potential temporal variability in 234Th distributions, and assume 

steady state. 

2.4 Discussion 

2.4.1 Influence of upwelling and horizontal advection on 234Th export estimates 

Prior 234Th, Beryllium-7, and helium studies off Peru indicated that upwelling could 

substantially impact the 234Th activity balance at coastal stations (Haskell et al., 2015, 2013; 

Steinfeldt et al., 2015). If physical factors are taken into account, particulate 234Th flux is calculated 

as follows: 

𝑃𝑇ℎ @ 𝑧  = ∫ (𝜆𝑇ℎ( 𝑈238 − 𝑇ℎ234 ) ± 𝑤
𝜕 𝑇ℎ234

𝜕𝑧
± 𝑢

𝜕 𝑇ℎ234

𝜕𝑥
± 𝑣

𝜕 𝑇ℎ234

𝜕𝑦
)

𝑧

0

 𝑑𝑧   (Eq. 4) 

where w is the upwelling velocity, u is the zonal velocity, and v is the meridional velocity. The 

gradients (∂234Th terms) are vertical (with depth), west to east, and south to north, respectively. 

The impact of east-west horizontal advection on 234Th fluxes during the month prior to 

sampling was determined to be negligible based on calculated 234Th surface gradients and average 

zonal (u) and meridional (v) geostrophic current velocities (Supp. Fig. 4). The east-west gradient 

in average 234Th activities for a 30 m surface layer across the transect was considered (Brink et al., 

1983). No significant horizontal gradient was observed between 89° W and 152° W, but a gradient 

of 3.5 × 10-7 dpm L-1 m-1 was observed between 89° W and the Peruvian coast. Monthly satellite-

derived surface currents for October, were examined along 12° S (0.5° by 0.5° scale). Although 

the absolute zonal and meridional velocities reached maxima of 0.09 m s-1 and 0.19 m s-1, 

respectively, the cumulative (taking into account direction) average velocities observed across this 

area were <0.008 m s-1. This suggested that a consistent pattern in surface currents did not exist in 

the region and would not affect 234Th gradients. However, if the east-west coastal gradient of 3.5 

× 10-7 dpm L-1 m-1 was applied to a maximum current velocity of ~0.2 m s-1, the result would be a 

meager 180 dpm m-2 d-1 change in 234Th flux calculated at Ez.  In this extreme case, the zonal 

horizontal advection term in Eq. 4 would only total 11% of the average 234Th flux from Ez for 

stations between 89° W and the coast (Table 1). Therefore, the horizontal advection terms in Eq. 

4 were disregarded. 
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Previous 234Th modeling of the equatorial Pacific suggests that the influence of upwelling in 

the region between 95° W to 140° W (10° S to 15° S) should be negligible (w<0.5 m d-1; Buesseler 

et al., 1995), but prior 7Be-, temperature-, and helium-derived upwelling rates for coastal waters 

between 78° W to 85° W (10° S to 15° S) can vary from 0 m d-1 to 3 m d-1 (Haskell et al., 2015; 

Steinfeldt et al., 2015). Total 234Th distributions and curved isohalines and isopycnals in the upper 

100 m of the Shelf indicated some degree of upwelling (Supp. Figs. 5 and 6). The following 

simplification of Eq. 4 can be used to determine the particulate 234Th flux adjusted for the impact 

of upwelling, assuming that any upwelled waters reaching the surface contained 234Th at 

equilibrium with 238U: 

𝑃𝑇ℎ @ 𝑧  = ∫ (𝜆𝑇ℎ( 𝑈238 − 𝑇ℎ234 ) + 𝑤
𝜕 𝑇ℎ234

𝜕𝑧
)

𝑧

0

 𝑑𝑧      (Eq. 5) 

Based on equilibrium activities observed from 100 m to 200 m in the Shelf zone (Figs. 2F and 3), 

this assumption is valid if the upwelled waters originate locally. Stations in the Offshore could 

have been supplied with upwelled waters containing an excess of 234Th, which would lead to 

slightly conservative estimates of upwelling-adjusted fluxes. However, it will be shown that the 

impact of upwelling on Offshore stations was substantially less than in the Shelf, with only two 

stations showing any distinguishable gradient of 234Th with depth in surface waters. 

Both a vertical gradient (∂234Th/∂z) and upwelling rate (w) are needed to determine the 

upwelling component of 234Th flux in Eq. 5. The gradient was determined at each station using 3 

to 8 sampling depths beginning at the base of the mixed layer.  The number of sample points used 

depended on the sampling resolution at that station and the depth extent of the gradient. The 

termination of the gradient often coincided with a change in the curvature (slope) of the 234Th 

profiles (Fig. 3, Supp. Table 3) and was often at or just below the depth of equilibrium between 

234Th and 238U. The depth where the 234Th gradient terminated also occurred very close to the depth 

where large surface gradients in potential density stabilized near 1026.2 kg m-3 (density difference 

between 1 m sampling bins dropped below 0.025 for at least 40 m, Supp. Fig. 6). Gradients were 

calculated for all stations, so as to provide a range for the typical gradients that could exist in areas 

without upwelling. Much larger gradients in 234Th with depth were observed at stations 1 to 7, with 

an average value of 0.04 ± 0.02 dpm L-1 m-1 (s.d.). In comparison, the average calculated for 

stations 8 to 36 was 0.009 ± 0.002 dpm L-1 m-1. Stations 8 and 9 had 234Th gradients that were 
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indistinguishable (± 0.002) from those found in the far western part of the transect.  Therefore, Eq. 

5 was used to calculate upwelling-adjusted fluxes for stations 1 through 7 and 234Th fluxes for the 

remaining stations west of 85º W (8 to 36) were calculated using Eq. 3 only. 

Using data collected during this campaign and paired 7Be-temperature modeling, Kadko 

(2017) determined upwelling rates for six stations located between 79° W and 104° W (Supp. 

Table 3). Kadko (2017) and other prior studies (Haskell et al., 2015; Kadko and Johns, 2011) 

determine upwelling rates using the dilution of the 7Be inventory in the surface ocean by upwelling 

of 7Be-free waters from below. 7Be-derived upwelling rates are well suited for use with 234Th 

because of the comparable half-life (~53 days) and 7Be-derived rates will reflect trends observed 

over a greater portion of the euphotic zone than tracers like helium (Haskell et al., 2015). A 1-D 

model was used by Kadko (2017) to determine the 7Be-derived upwelling rate at the base of the 

mixed layer for cases of invariant upwelling with depth (singular, constant value) and depth-

dependent upwelling (linear decrease of upwelling rate with depth). 

To determine upwelling-adjusted 234Th fluxes for stations 1 to 7 (77° W and 84° W), station-

specific 234Th gradients (∂234Th/∂z, Supp. Table 3) were paired with the appropriate upwelling rates 

(w) from Kadko (2017) using Eq. 5 for the depths over which a gradient existed (Supp. Table 3, 

Fig. 3). For the depth region above and below this gradient zone, which included the mixed layer, 

the w and ∂234Th/∂z terms were set to zero. While 234Th gradients are available for all stations 

between 77° W and 84° W, upwelling rates (constant model, CM; 0 m s-1 horizontal advection, 

0HA) were only determined by Kadko (2017) for stations 1 at 79.2° W (3.0 m d-1) and 7 at 84° W 

(1.1 m d-1). These w were used at stations 1 and 7; at coastal stations 2 through 5, the w from station 

1 was applied; and at station 6, located approximately halfway between station 1 and 7, the average 

w from these surrounding stations was used (Supp. Table 3). The constant model results were 

utilized because the upwelling structure was unknown and the w values converged near Ez, where 

Kadko (2017) suggested that model choice was relatively unimportant. 

To assess the uncertainties in the w values, at any chosen depth the flux component due to 

upwelling was determined for both the constant and depth-dependent models, for horizontal 

advection of 0 m s-1 to 2 m s-1, and for the range of w shown in Supp. Table 3. Although it was 

determined that horizontal advection would not impact 234Th surface fluxes significantly, a 0.1 m 

s-1 horizontal advection term is consistent with historical results and 7Be, which with a half-life 
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more than double that of 234Th, has the potential to be affected by physical factors over longer time 

scales. The range in the upwelling component of 234Th flux, as calculated using all of these cases 

(vertical lines, Supp. Fig. 7), was used as the uncertainty on the CM0HA results (open circles, 

Supp. Fig. 7) which are summarized in Supp. Table 3.  

Upwelling adjustments raised fluxes at the stations between the Peruvian coast and 84º W by 

an average of 2500 dpm m-2 d-1 or ~175% (Supp. Table 3). Figure 5 shows the original 234Th flux 

estimates (black bars) with the added upwelling component (white bars), the sum of which is 

equivalent to the total 234Th flux at Ez. Values in the 3000 dpm m-2 d-1 to 6000 dpm m-2 d-1 range 

have also been seen in the Equatorial Pacific, the Southern Ocean, and the Arabian Sea (Buesseler 

et al., 2001a, 1998, 1995). Similar 234Th flux increases (1 to 5 times) due to upwelling were also 

observed near Hawaii (w = 1 to 3 m d-1; Maiti et al., 2008). Even with conservative uncertainty 

estimates on the upwelling component of 234Th flux at Ez, which approached 50% at many of the 

coastal stations (Fig. 5, Supp. Fig. 7), the impact of upwelling on 234Th surface activities and fluxes 

was significant and should be accounted for when performing similar studies in this region. 

2.4.2 Upper ocean remineralization of 234Th and particle cycling  

The processes composing the biological pump result in a net transport of particulate 234Th from 

surface waters and a 234Th deficit above Ez. Below Ez, any process that attenuates flux or transfers 

sinking particles containing 234Th to suspended particles, results in an excess in total 234Th. 

Without high resolution 234Th profiles, however, the signature of these particle remineralization 

processes are often missed (Maiti et al., 2010). Remineralization may be occurring but not 

observed if the majority of it occurs over a narrow depth zone within the water column that is not 

sampled, or if the rates are too slow over a large depth zone within the water column for the signal 

to be captured within the time scale of the 234Th method.  

The extensive sampling along the transect captured a defined remineralization feature in the 

first 200 m below Ez at 27 of the 35 stations where total 234Th was measured (Fig. 3, Table 1). 

With changing Ez, remineralization is best compared by looking at the first 100 m below Ez, where 

flux attenuation is largest (Buesseler and Boyd, 2009). The decrease in 234Th flux was calculated 

between the Ez and 100 m below it (R100) and from 100 m below Ez to 200 m below Ez (R200). 

After upwelling-adjustments were made, 9 of 10 stations in the Offshore region had identifiable 

remineralization features, while these features were only seen in the Gyre at 15 of 20 stations. 
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Some of the Shelf stations had no discernable remineralization features before or after upwelling-

adjustments (1 and 2) and in the cases of stations 3, 4, and 5, 234Th flux was still increasing through 

the Ez (Supp. Table 3). Remineralization was more difficult to assess here due to the shallow 

depth, condensed vertical profiles, and offset of Ez from deeper 234Th-238U equilibrium depths.  

The average R100 across the entire transect was 400 ± 200 dpm m-2 d-1 (s.d.). R100 was highest 

in the Offshore with an average decrease in flux of 600 dpm m-2 d-1.  In the Gyre, the R100 dropped 

to an average of 400 dpm m-2 d-1.  If R200 is considered, the mean values for the Offshore and Gyre 

were indistinguishable and averaged between 400 dpm m-2 d-1 and 500 dpm m-2 d-1. An increase 

in relative uncertainties between R100 and R200 values is apparent in Table 1. This increase in 

uncertainties is inherent in flux with depth calculations (Supp. Fig. 8E) and is not due to any change 

in the uncertainty on the total 234Th measurements themselves (Coale and Bruland, 1987).  For 

those stations which had remineralization features, 234Th flux decreased on average by 30% 

between Ez and 100 m below it, and 60% between Ez and 200 m below it (sum of R100 and R200). 

In general, remineralization features were broad (10s to 100s of m, Fig. 2F). Remineralization 

features in the Offshore in particular appeared to penetrate to almost 400 m at some stations (Figs. 

2F and 3). Peaks this broad are not unheard of as 234Th excesses attributed to remineralization 

observed in the Southern Ocean have reached 400 m to 500 m (Savoye et al., 2004), but the 

consistency in the magnitude of R100 and R200 across these zones is atypical for a basin-scale 

transect, especially in a gyre (Owens et al., 2015). Although 234Th-derived remineralization has 

been quantified by a few other studies in the Weddell Sea (Usbeck et al., 2002), Northwest Pacific 

(Maiti et al., 2010) and the Southern Ocean (Savoye et al., 2004), flux attention has been assessed 

most often relative to carbon and nutrient losses, which are covered in more detail in Sections 2.4.4 

and 2.4.5. 

Further insight was gained by comparing 234Th flux at a given depth with the distribution of 

234Th between the three measured phases (total, SSF, LSF) and expressing all parameters relative 

to the depth where oxygen saturation first reached 30% in the surface ocean (Supp. Fig. 8). Typical 

open ocean profiles here (Supp. Figs. 8D and 8E), have low total 234Th and elevated particulate 

234Th in the surface ocean due to scavenging. Particles originating in the surface ocean, where 

photoautotrophic primary productivity is high, scavenge 234Th and transport it deeper into the 

water column. As particles sink and are remineralized, a decrease in particulate 234Th and an 
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increase in dissolved 234Th is expected. A local excess of 234Th over its 238U parent is created as 

many sinking particles become suspended or dissolved. These excess 234Th features represent a 

decrease in flux with depth because less 234Th will be reaching farther into the water column. This 

pattern was observed in most of the Gyre stations (last panel, Supp. Figs. 8D and 8E). The location 

of the subsurface 234Th excess, when present, coincided with a drop in particulate 234Th. 

The particulate activity profiles for both size fractions in the Shelf and Offshore did not follow 

those in the Gyre (Supp. Figs. 8A to 8C) as most stations showed a distinct peak in both size 

fractions that began below the 30% oxygen saturation point (at or just below the upper boundary 

of the ODZ, Figs. 2D and 2E).  These particulate peaks sometimes coincided with remineralization 

features (decreases in flux, Supp. Fig. 8A) but often the peak in 234Th flux and subsequent drop in 

flux occurred well above the local subsurface particle maxima (Supp. Fig. 8C). These particulate 

peaks were especially pronounced in the SSF and were located progressively deeper in the water 

column from stations 7 to 13 (84° W to 99° W). These peaks also coincided with a decrease in 

light transmission and an increase in fluorescence (Fig. 2). Prior studies in this region could have 

missed the subsurface local maxima in particulate 234Th with poorer resolution.  

Oxygen deficient zones have been shown to be unique hotspots of microbial processes and 

particulate features. The coincidence of nitrate minima, nitrite maxima, intermediate nephloid 

layers, and enhanced microbial activity in the low oxygen zones of Peru and the Arabian Sea are 

well established (Morrison et al., 1999; Naqvi et al., 1993), although the impact of these boundaries 

on the particle cycling within the ODZs is not. Studies of the southeastern Pacific and the Arabian 

Sea have observed similar features in light transmission or backscatter in the core of the ODZ 

(Garfield et al., 1983; Kullenberg, 1982; Naqvi et al., 1993; Spinrad et al., 1989; Whitmire et al., 

2009). A few of these studies have linked these trends to bacterial abundance and denitrification 

(Morrison et al., 1999; Naqvi et al., 1993). A bacterial origin is the favored explanation for these 

observed particle layers over inorganic origins because the features only exist at the top of the 

ODZ and not throughout the entire zone. In addition, Stevens and Ulloa (2008) determined that 

the bacterial richness, or the number of different species in the OMZ, was higher in the upper ODZ 

region than the richness determined for the oxic surface and deeper oxycline (across the lower 

boundary of the ODZ). The prokaryotic nature of the upper ODZ in the Shelf and Offshore regions 

of this transect have been discussed in more detail in Ohnemus et al. (2016), but in summary, their 
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analysis suggested the presence of both denitrifying prokaryotes and autotrophic communities near 

the upper ODZ boundary. 

The co-occurrence of subsurface, local minima in light transmission with maxima in particulate 

234Th and fluorescence along the transect suggested that these bacterial communities and their 

metabolic products have a strong impact on particle cycling and particle reactive metals, such as 

thorium, in the upper Peruvian ODZ (Fig 2, Supp. Fig. 8). The net signal in 234Th through the top 

of the ODZ was remineralization, as shown by an excess in total 234Th and a decrease in flux (Fig. 

2E, Supp. Fig. 8). Therefore, if the system was 1-D, particles from the surface ocean must have 

been stopped, slowed down with respect to sinking, and/or degraded in this zone, transferring 234Th 

to a dissolved or non-sinking pool. However, the higher particulate activities suggest that 234Th 

may also be scavenged onto new particles being produced below the upper boundary of the ODZ 

(likely by some combination of photoautotrophic and chemoautotrophic processes).  

Bacteria have been shown to be important agents for trace element scavenging (Cowen and 

Bruland, 1985). The particulate iron measured through the upper ODZ was composed mostly of 

Fe(III) in the form of high-surface-area Fe(III) oxyhydroxides (Heller et al., 2017). Without 

additional information, it is unclear whether denitrifying bacteria, which have been shown to form 

metal crusts when reducing nitrate (production of nitrite resulting in Fe-II oxidation), are creating 

these iron oxyhydroxides (Klueglein et al., 2014). However, the Fe(III) oxyhydroxides have the 

potential to scavenge 234Th, which would lead to a retention of 234Th in the upper ODZ region of 

the Shelf and Offshore.  

The data presented here suggest that the subsurface remineralization features captured by the 

234Th-method could be largely driven by anaerobic denitrification processes up to station 9 or 10 

(~90° W) and aerobic respiration west of station 10. The observed subsurface excesses of total 

234Th, which represent a switch between net production and net respiration in the water column, 

consistently began at the upper ODZ boundary until station 11, where the boundary dropped to 

almost 200 m (Figs. 2 and 3). Secondary, deep chlorophyll maxima were only present within the 

ODZ up to station 10 and for the remaining stations only a single, shallow chlorophyll maximum 

was observed. The large remineralization features observed up to station 10 appeared to be linked 

to the coexistence of both denitrifying and autotrophic communities (Ohnemus et al., 2016), which 

are tied to the presence of ‘anaerobic’ conditions and the depth of ‘anaerobic’ conditions (light 



20 
 

levels), respectively. The ODZ was present at stations 11, 12, and 13, but the depth of the upper 

ODZ boundary was much deeper than 150 m.  This suggested that a complex community structure 

is necessary to create the ‘concentrated’ remineralization feature directly below the upper ODZ 

boundary. In addition, the 234Th activity profiles (Fig. 3) for stations 12 and 13 showed double 

remineralization peaks, with local maxima in excess 234Th above and below the upper ODZ 

boundary. These double peak stations may represent a transition zone where both aerobic and 

anaerobic processes contributed to total remineralization.  

2.4.3 Regional trends in POC:234Th and PON:234Th 

To determine macronutrient (e.g. nitrogen) or micronutrient trace metal (e.g. iron) export at a 

given depth the particulate concentration ratio of that element to 234Th activity measured in the 

LSF (>51 um) at that depth is used to calculate the particulate flux with the following relationship: 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐹𝑙𝑢𝑥 =
[𝐸𝑙𝑒𝑚𝑒𝑛𝑡]

𝑇ℎ234 ∗ 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐹𝑙𝑢𝑥 𝑇ℎ234      (Eq. 6) 

The major assumption in this empirical approach is that the element:234Th ratio measured at the 

depth of interest is representative of the sinking particles at this depth (Buesseler et al., 2006). Eq. 

6 can be used to calculate an increase or decrease in flux that might result from production or 

remineralization processes. Samples above the MLD were excluded from POC:234Th-depth 

relationships (Fig. 4). Mixed layer POC:234Th in the same location can vary by orders of magnitude 

relative to those in the underlying euphotic zone (Buesseler et al., 2009; Passow et al., 2006).   

Unlike the North Atlantic GEOTRACES dataset (Owens et al., 2015), the marked decline in 

POC:234Th ratios with longitude and the shift in Ez along the transect (Tables 1 and 2) warrant the 

use of regional estimates of particulate ratios. The distinct shift across the transect in both the Ez 

and subsurface LSF POC:234Th averages can be seen in Fig. 4.  Linear regressions are shown for 

the euphotic zones, where ratios decline sharply with depth.  Vertical averages were used below 

Ez to 400 m because little variability in ratios was observed. These linear equations and subsurface 

vertical averages were used to determine the POC: 234Th at any depth along the transect, not just 

those where particulate 234Th was sampled. For example, to determine the POC flux at Ez for a 

given station, the (upwelling-adjusted) 234Th flux was multiplied by the POC:234Th at the Ez depth 

using the particulate ratio from one of the zones as described in Eq. 6. POC:234Th uncertainties for 

each depth and zone represent one standard deviation as shown in Fig. 4. 
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2.4.4 Upper ocean export and remineralization of POC  

With remarkable consistency in 234Th export, calculated carbon fluxes primarily reflected the 

observed decrease in POC:234Th across the transect, modified by the increase in 234Th flux in the 

coastal stations due to upwelling. The average Shelf POC export at Ez reached 42 ± 27 mmolC m-

2 d-1 (s.d.) while the Offshore and Gyre POC export totaled only 3 ± 2 and 1.1 ± 0.2 mmolC m-2 d-

1 (Table 2). Within a given zone, the range in export and s.d. reflected the variability in POC:234Th 

ratios (Table 3, Fig. 4). In the Offshore and Gyre, POC:234Th ratios at the Ez depth were relatively 

consistent, so small variations in Ez did not lead to large changes in carbon flux. The Shelf stations, 

on the other hand, showed a linear decrease in POC:234Th from the shallowest Ez at 25 m to the 

deepest at 66 m and so stations with deeper Ez had lower POC flux. POC export differed greatly 

in the Shelf and the Gyre when using Ez or 100 m as the integration depth (Table 1 and Supp. 

Table 2). POC export in the Shelf was underestimated by up to a factor of 8 if 100 m was used 

instead of Ez.  This supports the move to use the variable Ez as the export reference depth of choice 

for comparing export efficiencies (Buesseler and Boyd, 2009; Siegel et al., 2014).  

Most of the prior carbon flux studies from this region were located in the Gyre (black, Fig. 6) 

and reported relatively similar export values to those calculated here (blue, Fig. 6). Austral spring 

POC fluxes from 234Th in-situ pumping efforts at 12º S were determined to be between 2.5 mmolC 

m-2 d-1 and 3 mmolC m-2 d-1 for 112.5º W and 2 mmolC m-2 d-1 and 2.5 mmolC m-2 d-1 for 142.5º 

W (Buesseler et al., 1995). The paucity of 234Th-derived export values for this region and others 

worldwide has been and will continue to be improved by past and future GEOTRACES campaigns.  

However, more work is needed to not only fill in the gaps in the world’s ocean where no data 

exists (Fig. 6), but to improve coverage throughout all seasons and to obtain more export values 

calculated at Ez. 

Carbon remineralization was calculated in the same manner as carbon export: the decrease in 

234Th flux below Ez was multiplied by the POC:234Th ratio for that depth (Table 3). POC 

remineralization was examined in the 100 m below Ez and in the subsequent 100 m (Ez + 100 to 

Ez + 200).  POC remineralization values had rather large uncertainties due to the lack of change 

in the POC:234Th ratios at these depths and increasing uncertainties on the 234Th fluxes with depth. 

In the first 100 m below Ez, carbon flux decreased by a maximum of 66 mmolC m-2 d-1 (Shelf) 

and a minimum of 0.1 mmolC m-2 d-1 (Gyre), showing a much larger gradient in remineralization 
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in the 100 m below Ez relative to 234Th. In the next 100 m, from Ez +100 to Ez + 200, the decrease 

in flux was relatively small outside the Shelf (maximum 10 mmolC m-2 d-1 decrease), ranging from 

only 0.1 mmolC m-2 d-1 to 0.8 mmolC m-2 d-1. The concept that POC attenuation, in general, is 

greatest at shallow depths has long been established in prior studies and enforces the concept of 

using Ez-based interpretation to compare studies (Buesseler and Boyd, 2009). 

2.4.5 Strength and export efficiency of the regional biological pump 

The fraction of surface production (NPP) that makes it out of the euphotic zone is often referred 

to as the strength of the biological pump, whereas the export efficiency of the biological pump 

refers to the fraction that is not remineralized in the twilight zone (Ez to ~1000 m, Buesseler and 

Boyd, 2009). Some studies have predicted that the strength and export efficiency of the biological 

pump will decrease as the global climate changes, leading to increased atmospheric levels of 

carbon dioxide (Manizza et al., 2010; Steinacher et al., 2010). We have assessed the biological 

carbon pump along the transect relative to two parameters, Ez-ratio and T100, that incorporate 

estimates of surface production, export, and remineralization. The Ez-ratio, defined as the POC 

flux at the Ez (export) divided by NPP, is an important parameter for characterizing the strength 

of the biological pump, or how much carbon makes it out of the sunlit upper ocean (Tables 2 and 

3; Buesseler and Boyd, 2009). A large Ez-ratio for an area with low productivity would mean 

greater POC transport to depth than an area with moderate productivity, but a low Ez-ratio. 

Buesseler and Boyd (2009) also parameterized POC remineralization by relating the POC flux at 

100 m below Ez to the POC flux at Ez.  This parameter, T100, was chosen as the depth interval of 

maximum POC flux attenuation.  These metrics were combined (Fig. 7) to illustrate the flow of 

carbon through the surface biological pump and to facilitate the comparison with other studies. If 

the Ez-ratio is multiplied by T100, the resulting value is the percentage of carbon reaching 100 m 

below Ez relative to what was produced in the euphotic zone (1% and 10% contours, Fig. 7).  

MODIS-derived 16-day NPP for the Offshore and Gyre were within ~20 mmolC m-2 d-1 of the 

SeaWIFS-based 8-day and annual average NPP, while Shelf NPP values could differ by up to ~74 

mmolC m-2 d-1 (Table 2 and 3). This large difference in the Shelf suggests that the coastal region 

is very dynamic and seasonal factors could greatly influence the productivity in this region. Prior 

studies of primary production in the southeastern tropical Pacific have shown similar results, where 

the Offshore and Gyre had lower, but consistent productivity throughout the year and the eutrophic 
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coastal areas showed strong seasonality (Pennington et al., 2006).  If the 16-day NPP values for 

the Offshore and Gyre (34−61 mmolC m-2 d-1) are considered relative to other locations worldwide 

(Fig. 7), they fall in between the low values observed at ALOHA (central North Pacific, ~17 

mmolC m-2 d-1) and the >100 mmolC m-2 d-1 NPP values observed in the Southern Ocean (SO) 

and Equatorial Pacific (EqPac). The coastal Shelf stations have comparable NPP values to 

locations under bloom conditions in the Southern Ocean and the North Atlantic (Natl). 

Although NPP was higher in the Shelf relative to the Offshore and Gyre, POC export at Ez 

varied substantially from the Shelf to the Gyre, creating an order of magnitude difference in the 

estimated strength or Ez-ratio of the local biological carbon pump (Fig. 7). Stations in the Shelf 

had Ez-ratios (NPP/Export at Ez) varying from 0.5 to 0.1, while Ez-ratios in the Offshore and Gyre 

zones were more consistent and lower (Table 3). Average Ez-ratios in the Offshore and Gyre were 

0.06 ± 0.04 (s.d.) and 0.02 ± 0.005, respectively. While up to 50% of carbon produced in the 

surface waters of the Shelf reached the base of the euphotic, the Offshore and Gyre saw <15% 

exported at all stations (Table 3). Ez-ratios under 0.1 are relatively low compared to those found 

in productive regions like the North Atlantic and Northwestern Pacific, but are similar to those 

found at other low-export Pacific sites like Station Papa (Spring), ALOHA, and the Equatorial 

Pacific, where <10% of POC is exported out of the euphotic zone (Fig. 7; Buesseler and Boyd, 

2009). The GBC14 global export model, a food-web based model utilizing SeaWIFS satellite 

products, produces similar Ez-ratios in the Offshore and Gyre, with all estimated Ez-ratios under 

0.2 for these regions and a consistent Ez-ratio for the Shelf stations of 0.2 (Siegel et al., 2014). 

Carbon transfer ratios for the first 100 m below Ez (T100) were larger, on average, in the Gyre 

at 0.8 ± 0.1 (s.d.), compared to the Offshore zone at 0.6 ± 0.2 and the Shelf zone at 0.4 ± 0.4 

(Tables 2 and 3). This suggests lower remineralization of sinking POC in the Gyre relative to the 

Shelf and Offshore regions at depths just below Ez (Fig. 7).  The T100 values for this transect cover 

the entire range of measured T100 reported for other locations worldwide in Buesseler and Boyd 

(2009). Most of this variability in T100 was observed in the Offshore zone, as the Gyre stations had 

consistently high T100 values.  

Based on these results from austral spring, the 10º S to 15º S region of the southeastern tropical 

Pacific has a strong coastal biological pump (higher Ez-ratio), but one that has high POC flux 

attenuation below the euphotic zone (low T100, Fig. 7). The biological pump of the Gyre, as 
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expected from other Pacific studies, is relatively weak but has little POC flux attenuation below 

the euphotic zone (Buesseler and Boyd, 2009).  The Offshore biological pump, surprisingly, was 

consistently poor in strength but had transfer efficiencies that ranged from 0.1 to 0.9. On average, 

the amount of POC exported at 100 m below Ez was similar between the Offshore at 3 ± 2% and 

the Gyre at 2 ± 0.3% (Table 2), although it ranged from 0.4% (station 9) to 7% (station 14) in the 

Offshore. While there was a large spread in the data, almost all the stations from this study and 

prior studies fall within the 1% to 10% range for the amount of POC exported at 100 m below Ez. 

The percent of POC sequestered 100 m below Ez reaches a similar value at all stations by a 

combination of high export from the euphotic zone and rapid POC attenuation in the Shelf 

(shallowest Ez), progressively less export and less attenuation in the Offshore zone, and low export 

combined with less POC flux attenuation in the Gyre zone (deepest Ez).  

While none of the stations from this study had POC export at 100 m below Ez close to the 

values seen at NABE (North Atlantic Bloom Experiment) or in the Southern Ocean, a 1% to 13% 

difference in export at this depth is not trivial if a large region of the ocean is impacted. The 

decrease in carbon attenuation below Ez in the Gyre zone is expected, as enhanced export through 

similar low oxygen regions has been shown (Roullier et al., 2014; Van Mooy et al., 2002). With 

expanding low oxygen regions worldwide, this trend of decreased attenuation through OMZs could 

lead to decreased POC export to depth over 8% of the world ocean (Paulmier and Ruiz-Pino, 2009; 

Stramma et al., 2008). However, further study is needed to determine the cause of the relatively 

low transfer efficiency for some of the Shelf and Offshore stations and whether oxygen deficient 

zones indeed show greater attenuation of POC relative to zones of low oxygen. Station 9 (bottom 

left-most point in Fig. 7), in particular, had substantially more remineralization than any of the 

other stations in the Offshore region. Stations 6 to 10, the only Offshore locations with deep 

chlorophyll maxima at or below the upper ODZ boundary, had an average T100 of 0.4. The 

remaining stations (11 to 15) in the Offshore zone, those that did not show signs of deep, light 

adapted autotrophs, had an average T100 of 0.8. This suggests that the community structure through 

the upper oxycline and ODZ could play an important role in controlling the percent of POC that 

reaches 100 m below the euphotic. The extent of this role and the degree to which ODZs have the 

potential to increase carbon attenuation is vital to understanding the overall effect of expanding 

OMZs and ODZs on the global biological carbon pump.  
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2.5 Conclusions 

Here we have shown that the non-coastal southeastern tropical Pacific had relatively low 

carbon export out of the euphotic zone in the austral spring (0.8−9 mmolC m-2 d-1), but similar Ez-

ratios (Export/NPP) to other open ocean locations in the Pacific, including the productive 

equatorial region (Fig. 7; Buesseler and Boyd, 2009). When estimating export in coastal regions 

similarly influenced by upwelling, surface fluxes of carbon or other elements could be 

underestimated by a factor of two to four if the influence of upwelling is not account for in 234Th-

based estimates. Both particulate carbon and nitrogen export decreased with distance offshore, 

following shifts in plankton community dominance, increased Ez, and changes in POC:234Th and 

PON:234Th ratios on sinking particles. The low transfer of carbon out of the euphotic zone along 

the transect produced some of the lowest Ez-ratios that have been quantified worldwide (excluding 

the Shelf). The T100 values observed here were only surpassed by regions under bloom conditions.  

This indicated that once POC left the euphotic zone, very little was attenuated in these low oxygen 

regions of the ocean. Currently covering 8% of the world’s ocean area, these OMZs have the 

potential to enhance carbon transfer to depth, especially as OMZs are predicted to expand with 

changing global climate (Paulmier and Ruiz-Pino, 2009).  However, greater attenuation at stations 

through the oxygen deficient region of the OMZ (77° W to 92° W) suggests that this expansion 

may have a more complex effect on the regional biological carbon pump than predicted.  

The upper ODZ boundary is a unique setting where further research of trace metal and nutrient 

cycling is warranted. Simultaneous trace metal sampling with incubation experiments, 

measurements of bacterial counts, and genomic studies, would help in making definitive 

conclusions on the metabolic capacities of local bacteria (e.g. autotrophy, nitrate reduction via 

denitrification, anammox), how each population impacts 234Th scavenging and remineralization, 

and if the oxygen gradient accurately represents the relative transition from aerobic to anaerobic-

dominated metabolisms. As ODZs expand worldwide, their growth may drastically impact local 

planktonic communities, especially those who dwell just over or under the almost anoxic 

boundaries (Wishner et al., 2013). 234Th results suggests that these communities significantly affect 

subsurface particulate activities and multi-isotope analysis with longer-lived thorium isotopes 

(228Th, 232Th, 230Th) could help shed light on the impact of the ODZ and its microbial communities 

on particle dynamics on longer time scales.  
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Many trace metals, like iron, have been shown to be essential for ocean microbiota and much 

less is known about the quantities of these metals traveling or cycling through the world’s ODZs 

compared to that which is known about elements like carbon and nitrogen. Whereas carbon 

concentrations tend to follow an exponential decrease from the surface, making export calculations 

relatively simple, trace metals are impacted by a host of processes that can create widely different 

distributions metal to metal and station to station (Lamborg et al., 2008). While trace metals 

provide new challenges for utilizing the 234Th-method, radioisotope tracers from this and other 

GEOTRACES cruises will provide the tools necessary to determine basin-wide, carbon, nutrient, 

and trace metal export flux and remineralization rates, one of the key goals of the international 

GEOTRACES program.  
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Table 1: Summary of 234Th results by station including 234Th-derived parameters. Remineralization (R) values are shown for the 

decrease in 234Th flux calculated between Ez (base of the euphotic zone) and 100 m below it (R100) and from 100 m below the Ez to 200 

m below Ez (R200). R values were not reported if no remineralization (234Th excess) feature was observed (Fig. 3), fluxes increased 

below Ez, or uncertainties were >3 times the R values. Adjusted 234Th fluxes incorporate the upwelling component (Eq. 5) for stations 

1 to 7 (Supp. Table 3) and are the values to be used in determining other fluxes (e.g. particulate organic carbon). Stations are labeled as 

‘St’ in all tables. 

 

Zone St 
Lat 

S 

Lon 

W 

Average 

Ez for 

All Casts 

(m) 

234Th Flux  

at Ez  

(dpm m-2 d-1) 

Upwelling-

Adjusted 
234Th Flux  

at Ez  

(dpm m-2 d-1) 

Upwelling-

Adjusted 234Th 

Flux at  

Ez + 100  

(dpm m-2 d-1) 

Decrease in 
234Th, R100 

(dpm m-2 d-1) 

Decrease in 
234Th, R200 

(dpm m-2 d-1) 

Shelf 2 12.0 77.4 30 1400 ± 30 4000 ± 600                   

3 12.0 77.7 25 1100 ± 40 5000 ± 1000 7000 ± 1000             

4 12.0 77.8 43 1000 ± 100 4000 ± 900 6000 ± 1000             

5 12.0 78.2 50 1700 ± 70 4000 ± 700 6000 ± 800             

1 12.0 79.2 66 2000 ± 90 4000 ± 800 6000 ± 900             

Offshore 6 12.0 81.5 80 1900 ± 100 4000 ± 700 4000 ± 700          

7 12.0 84.0 94 2000 ± 100 3000 ± 400 2000 ± 400 700 ± 600 500 ± 800 

8 12.0 86.5 105 2300 ± 200 2300 ± 100 2000 ± 200 500 ± 200 300 ± 400 

9 12.0 89.0 109 1400 ± 100 1400 ± 100 200 ± 200 1200 ± 200 200 ± 400 

10 12.0 91.5 121 1600 ± 300 1600 ± 200 1000 ± 300 600 ± 300 400 ± 400 

11 12.0 94.0 130 1900 ± 200 1900 ± 100 1600 ± 200 300 ± 200       

12 13.0 96.5 124 1400 ± 200 1400 ± 200 1100 ± 200 300 ± 300 500 ± 400 

13 14.0 99.0 139 1200 ± 200 1200 ± 100 800 ± 300 400 ± 300 400 ± 300 

14 15.0 101.5 164 2700 ± 300 2700 ± 200 2400 ± 300 300 ± 300       

15 16.0 104.0 168 2200 ± 200 2200 ± 100 1500 ± 200 700 ± 300 700 ± 400 

 

 

 



 

34 
 

Zone St Lat Long 

Average 

Ez for All 

Casts (m) 

234Th Flux  

at Ez 

(dpm m-2 d-1) 

Upwelling-

Adjusted 234Th 

Flux  

at Ez  

(dpm m-2 d-1) 

Upwelling-

Adjusted 234Th 

Flux  

at Ez + 100 

(dpm m-2 d-1) 

Decrease in 
234Th, R100  

(dpm m-2 d-1) 

Decrease in 
234Th, R200 

(dpm m-2 d-1) 

Gyre 16 -15.4 -106.5 150 2100 ± 300 2100 ± 300 1600 ± 300 500 ± 300 200 ± 400 

17 -15.0 -109.2 163 1300 ± 200 1300 ± 200 700 ± 300 500 ± 300 500 ± 300 

18 -15.0 -112.8 174 1600 ± 200 1600 ± 200 1000 ± 400 600 ± 300       

20 -15.0 -113.5 191 1600 ± 300 1600 ± 300 1300 ± 400 300 ± 300       

21 -14.8 -115.0 167 1300 ± 200 1300 ± 200 900 ± 300 400 ± 300       

22 -14.4 -117.5 179 2000 ± 200 2000 ± 200 1600 ± 400 400 ± 300 900 ± 300 

23 -14.0 -120.0 169 1700 ± 300 1700 ± 300 1400 ± 400 300 ± 300       

24 -13.3 -122.5 163 1300 ± 300 1300 ± 300 1000 ± 400 300 ± 300 500 ± 300 

25 -12.5 -125.0 163 1400 ± 200 1400 ± 200 1500 ± 500             

26 -11.7 -128.0 169 1000 ± 200 1000 ± 200 800 ± 500 300 ± 400       

27 -11.7 -130.0 184 1500 ± 300 1500 ± 300 1500 ± 400             

28 -11.6 -132.5 162 1500 ± 200 1500 ± 200 900 ± 500 500 ± 400       

29 -11.6 -135.0 175 1300 ± 200 1300 ± 200 1100 ± 400 200 ± 400       

30 -11.6 -137.0 168 1400 ± 200 1400 ± 200 1100 ± 400 200 ± 300 700 ± 300 

31 -11.3 -140.0 146 1600 ± 200 1600 ± 200 1600 ± 300             

32 -11.0 -142.9 153 2000 ± 200 2000 ± 200 1600 ± 300 400 ± 300 400 ± 400 

33 -10.9 -145.0 186 1800 ± 300 1800 ± 300 1800 ± 400             

34 -10.8 -147.5 175 1600 ± 200 1600 ± 200 1400 ± 400 200 ± 300       

35 -10.3 -150.0 170 1900 ± 200 1900 ± 200 2100 ± 400             

36 -10.5 -152.0 179 1200 ± 400 1200 ± 400 800 ± 600 400 ± 400 300 ± 600 
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Table 2: Summary of zonal characteristics for the Shelf, Offshore, and Gyre zones. Included 

are 234Th estimates, carbon results, and biologically-relevant parameters. MODIS and SeaWIFS 

sources for NPP are discussed in Section 2.2.3. Ez-ratios are calculated using 234Th-derived POC 

export. 

  Shelf Offshore Gyre 

Longitude range 77° W to 80° W 80° W to 105° W 105° W to 155° W 

Average MLD (m) 21 ± 16 59 ± 19 60 ± 11 

Average Ez (m) 43 ± 16 123 ± 28 169 ± 12 

Depth of oxygen minimum (m) 90 ± 45 200 ± 85 337 ± 25 

Oxygen Saturation % at minimum 0.4 ± 0.1 1.5 ± 2 14 ± 8 

Upper ODZ boundary (m) 54 ± 12 152 ± 56  

Subsurface LSF C:Th (Ez to 400 m) 1.4 ± 0.3 0.9 ± 0.2 0.7 ± 0.1 

Subsurface SSF C:Th (Ez to 400 m) 1.2 ± 0.5 0.6 ± 0.3 0.5 ± 0.2 

Subsurface LSF N:Th (Ez to 400 m) 0.2 ± 0.05 0.10 ± 0.04 0.08 ± 0.03 

Subsurface SSF N:Th (Ez to 400 m) 0.2 ± 0.09 0.07 ± 0.06 0.07 ± 0.05 

234Th flux at Ez (dpm m-2 d-1) 1400 ± 400 1900 ± 500 1600 ± 300 

234Th flux at 100 m (dpm m-2 d-1) 1600 ± 400 1800 ± 300 1100 ± 200 

Adjusted 234Th flux at Ez (dpm m-2 d-1) 4200 ± 400 2400 ± 1000 1600 ± 300 

Decrease in 234Th from Ez to 100 m below:  

R100 (dpm m-2 d-1) 
   600 ± 300 400 ± 100 

Decrease in 234Th from Ez+100 to Ez+200:  

R200 (dpm m-2 d-1) 
   400 ± 200 500 ± 200 

POC flux at Ez (mmolC m-2 d-1) 42 ± 27 3 ± 2 1.1 ± 0.2 

POC flux at 100 (mmolC m-2 d-1) 9 ± 1 3 ± 2 1.9 ± 0.4 

PON flux at Ez (mmolN m-2 d-1) 6 ± 4 0.4 ± 0.3 0.1 ± 0.03 

GBC14 modeled POC export (mmolC m-2 d-1) 20 ± 5 6  2 5  1 

MODIS-based 16-day NPP (mmolC m-2 d-1) 114 ± 52 50 ± 7 47 ± 6 

SeaWIFS-based 8-day NPP (mmolC m-2 d-1) 99 ± 21 53 ± 4 54 ± 4 

SeaWIFS-based annual NPP (mmolC m-2 d-1) 96 ± 19 52 ± 5 56 ± 5 

Ez-ratio (POC flux at Ez/MODIS NPP) 0.3 ± 0.2 0.06 ± 0.04 0.02 ± 0.005 

Carbon T100  

(flux at 100 m below Ez/export at Ez) 
0.4  0.4 0.6 ± 0.2 0.8 ± 0.1 

Carbon T200  

(flux at 200 m below Ez/export at Ez) 
0.5  0.5 0.4 ± 0.2 0.4 ± 0.2 

Average % of POC exported at 100 m below Ez  

(Ez-ratio x T100) 
10  3 3 ± 2 2 ± 0.3 
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Table 3: 234Th-derived carbon and nitrogen export and remineralization results, net primary production, and Ez-ratios by 

station. MODIS and SeaWIFS sources for NPP are discussed in Section 2.2.3. All carbon fluxes, nitrogen fluxes, and NPP are reported 

in mmol m-2 d-1. Ez-ratios were calculated using 234Th-derived POC export and represent the export of carbon at Ez divided by NPP. 

T100 values represent the POC flux at 100 m below the Ez divided by the POC flux at Ez. The GBC14 modeled export comes from the 

global model used in Siegel et al. (2014). The percent of POC exported at 100 m below Ez is equivalent to the Ez-ratio multiplied by 

the T100 value. 

 

St 

Derived 

C:Th at Ez 

(µmol dpm-1) 

Derived N:Th 

at Ez 

(µmol dpm-1) 

POC flux at 

Ez 

PON flux at 

Ez 

GBC14 

model 

POC 

flux at 

Ez 

16-day 

MODIS

-based 

NPP 

8-day 

SeaWIFS

-based 

NPP 

Annual 

SeaWIFS

-based 

NPP 

Ez-

ratio 
T100 T200 

%POC 

export at 

100 m 

below Ez 

2 13 ± 4 2.2 ± 0.6 50 ± 20 9 ± 3 24 188 112 115 0.3       

3 15 ± 4 2.4 ± 0.6 80 ± 30 12 ± 4 24 147 112 115 0.5 0.1  7 

4 9 ± 4 1.5 ± 0.6 40 ± 17 6 ± 3 24 93 113 115 0.4 0.2 0.2 9 

5 7 ± 4 1.1 ± 0.6 30 ± 20 4 ± 2 16 80 81 72 0.4 0.3 0.2 11 

1 2 ± 4 0.2 ± 0.1 8 ± 17 0.7 ± 0.2 14 63 77 63 0.1 1 1 13 

6 2.0 ± 0.6 0.3 ± 0.1 9 ± 3 1.2 ± 0.5 9 61 60 56 0.1 0.4 0.4 7 

7 2 ± 1 0.2 ± 0.1 5 ± 2 0.7 ± 0.3 8 51 57 54 0.1 0.4 0.3 4 

8 1 ± 1 0.2 ± 0.1 3 ± 1 0.4 ± 0.2 6 53 54 54 0.06 0.5 0.4 3 

9 1 ± 1 0.2 ± 0.1 2.0 ± 0.8 0.3 ± 0.1 6 53 54 53 0.04 0.1 0.0 0.4 

10 1.1 ± 0.6 0.1 ± 0.1 2.0 ± 0.9 0.2 ± 0.2 5 56 54 52 0.04 0.5 0.3 2 

11 0.9 ± 0.2 0.1 ± 0.1 2.0 ± 0.5 0.2 ± 0.2 5 49 52 51 0.04 0.9  3 

12 1.0 ± 0.6 0.1 ± 0.1 1.4 ± 0.8 0.2 ± 0.1 5 46 50 52 0.03 0.7 0.4 2 

13 0.9 ± 0.2 0.1 ± 0.04

4 

1.1 ± 0.3 0.1

0 

± 0.05 4 52 48 50 0.02 0.7 0.4 1 

14 0.9 ± 0.2 0.1 ± 0.04 3 ± 1 0.3 ± 0.1 4 43 46 47 0.07 0.9 0.8 6 

15 0.9 ± 0.2 0.1 ± 0.04 2.1 ± 0.5 0.2 ± 0.1 4 36 45 44 0.06 0.7 0.4 4 
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St 

Derived 

C:Th at Ez 

(µmol dpm-1) 

Derived N:Th 

at Ez 

(µmol dpm-1) 

POC flux at 

Ez 
PON flux at Ez 

GBC14 

model 

POC 

flux at 

Ez 

16-day 

MODIS

-based 

NPP 

8-day 

SeaWIFS

-based 

NPP 

Annual 

SeaWIFS

-based 

NPP 

Ez-

ratio 
T100 T200 

%POC 

export at 

100 m 

below Ez 

16 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.2 ± 0.1 4 44 48 48 0.02 0.8 0.7 2 

17 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.11 ± 0.03 4 42 50 49 0.02 0.6 0.2 1 

18 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.13 ± 0.04 5 51 53 50 0.02 0.6  1 

20 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.13 ± 0.04 5 46 53 50 0.02 0.8  2 

21 0.7 ± 0.1 0.08 ± 0.03 0.9 ± 0.2 0.10 ± 0.03 5 46 54 52 0.02 0.7  1 

22 0.7 ± 0.1 0.08 ± 0.03 1.4 ± 0.2 0.17 ± 0.05 4 52 51 52 0.03 0.8 0.3 2 

23 0.7 ± 0.1 0.08 ± 0.03 1.2 ± 0.2 0.14 ± 0.05 5 58 52 52 0.02 0.8  2 

24 0.7 ± 0.1 0.08 ± 0.03 0.9 ± 0.2 0.10 ± 0.04 5 46 56 53 0.02 0.8 0.4 2 

25 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.12 ± 0.04 5 48 58 55 0.02    

26 0.7 ± 0.1 0.08 ± 0.03 0.7 ± 0.2 0.09 ± 0.03 6 42 60 57 0.02 0.7  1 

27 0.7 ± 0.1 0.08 ± 0.03 1.1 ± 0.2 0.12 ± 0.04 5 47 59 56 0.02    

28 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.12 ± 0.04 6 47 59 56 0.02 0.7  1 

29 0.7 ± 0.1 0.08 ± 0.03 0.9 ± 0.2 0.10 ± 0.04 6 55 60 56 0.02 0.8  1 

30 0.7 ± 0.1 0.08 ± 0.03 1.0 ± 0.2 0.11 ± 0.04 7 51 63 58 0.02 0.8 0.3 2 

31 0.7 ± 0.1 0.08 ± 0.03 1.1 ± 0.2 0.13 ± 0.04 8 46 67 62 0.02    

32 0.7 ± 0.1 0.08 ± 0.03 1.4 ± 0.2 0.16 ± 0.05 6 54 58 57 0.03 0.8 0.6 2 

33 0.7 ± 0.1 0.08 ± 0.03 1.2 ± 0.2 0.14 ± 0.05 7 44 60 58 0.03    

34 0.7 ± 0.1 0.08 ± 0.03 1.2 ± 0.2 0.13 ± 0.04 6 45 56 55 0.03 0.9  2 

35 0.7 ± 0.1 0.08 ± 0.03 1.4 ± 0.2 0.16 ± 0.05 5 36 53 53 0.04    

36 0.7 ± 0.1 0.08 ± 0.03 0.8 ± 0.2 0.10 ± 0.03 5 34 52 52 0.02 0.7 0.4 2 
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Figure 1: Station locations with oxygen saturation at 400 m. Zonal designations are shown for 

stations 1-5 (Shelf), 6-15 (Offshore), and 16-36 (Gyre). Oxygen data are a historical compilation 

(NOAA World Ocean Atlas, 2009). Total and particulate 234Th samples were taken at a minimum 

of 24 discrete depths throughout the full water column at super stations (black squares) and 8 to 

16 depths at coastal and full stations (grey circles). Only total 234Th was measured in the upper 

1000 m at demi stations (12 depths; white circles). 
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Figure 2: 234Th results and relevant CTD sensor parameters with oxygen saturation %. Oxygen saturation (contours) is shown 

relative to Fluorescence (A), Light Transmission (B), Salinity (C), small particle 234Th activities (1−51 µm, D), large particle 234Th 

activities (>51 µm, E) and 238U−234Th activities (F). Zones corresponding to Fig. 1 are delineated by dashed lines. Transmission, Salinity, 

and Fluorescence were from the ODF rosette.  Oxygen saturation contours were determined using only data from the total 234Th cast.  
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Figure 3: 234Th and 238U activity profiles in dpm L-1 for the upper 500 m of the water column. 
The average Ez for all casts is shown for each station (green) with the start of the oxygen deficient 

zone (red) for those stations with ODZs. All presented data was used in the export and 

remineralization flux calculations. 
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Figure 4: Carbon:234Th on large particles (>51 µm) in µmol dpm-1 for the upper 400 m. Best 

fit linear regressions are shown for euphotic samples along with the average ratio for samples 

collected below the base of the euphotic to 400 m (solid lines).  Both are shown with 1 standard 

deviation (dotted lines). Mixed layer samples are not shown and not included in ratio calculations. 
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Figure 5: 234Th Export at Ez and remineralization through the 200 m below Ez. Calculated 
234Th export is shown as the 234Th flux without upwelling (black) and additional flux due to 

upwelling w (white) at the base of the euphotic zone (Ez). The decrease in flux through the first 

100 m below Ez (R100; dark grey) and subsequent 100 m to 200 m below Ez (R200; light grey) are 

also shown. Values of R100 and R200 are negative because 234Th flux decreases below Ez at the 

stations indicated. See Table 1 for additional details on R values. 
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Figure 6: Regional 234Th-derived carbon fluxes. The magnitude of POC flux is indicated by 

circle area at each location. All prior carbon export values for this region are shown (black).  Export 

was calculated at depths ranging from 100 m to 200 m and in different seasons. The equatorial 

data is from various studies compiled by Le Moigne et al. (2013) and the remaining locations were 

from Haskell et al. (2013). POC fluxes from this GEOTRACES campaign, calculated at Ez, are 

shown in blue (Table 3). 
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Figure 7: 234Th-derived Ez-ratios (export at Ez/NPP) and T100 (flux at 100 m below Ez/export 

at Ez) values for POC. Station specific values from this campaign are shown with results from 

Buesseler and Boyd (2009). The prior regions of study include the following: NAtl (NABE, North 

Atlantic Bloom Experiment; 47° N, 20° W), NWPac (K2, Northwest Pacific; 47° N, 160° E), CPac 

(ALOHA, Central North Pacific; 22° N, 158° W), EqPac (Equatorial Pacific; 0° N, 140° W), SO 

(KIWI, Southern Ocean; 61.5° S to 65.5° S, 170° W), and NEPac (Station Papa, Northeast Pacific; 

50° N, 145° W). The area of the circles represents NPP in mmolC m-2 d-1. The 1% and 10% contour 

lines show the relationships between the POC flux 100 m below Ez and NPP.
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Supplemental Table 1: Depth of relevant physical parameters for the shallow 234Th cast (Cast) and the average of all ODF and 

GEOTRACES rosette casts. Average mixed layer and Ez values (Ohnemus et al., 2016) were used for flux and upwelling calculations 

to allow comparison between this study and others.  The shallow 234Th cast depths are shown here for reference. As described in the text 

and shown in Supp. Figs. 1 and 2, oxygen data was highly variable cast to cast. Only the 234Th shallow cast (ODF rosette) values are 

shown here and used in this study, although values for the GEOTRACES rosette are described in Ohnemus et al. (2016). 

 

Zone St 

Average 

MLD for all 

casts (m) 

Cast 

MLD 

(m) 

Average Ez 

for all casts 

(m) 

Cast Ez 

depth (m) 

Cast oxygen 

minimum 

depth (m) 

Cast oxygen 

saturation % at 

minimum 

Cast upper 

ODZ boundary 

(m) 

Shelf 2 8 10 30 28 69 0.4 48 

3 8 12 25 22 -- 0.5 41 

4 16 18 43 46 63 0.3 49 

5 25 28 50 47 72 0.4 61 

1 46 52 66 59 79 0.3 72 

Offshore 6 31 31 80 76 116 0.3 83 

7 50 59 94 128 103 0.4 99 

8 46 51 105 111 149 0.5 131 

9 53 51 109 101 133 0.2 116 

10 78 80 121 113 161 0.3 148 

11 51 56 130 137 198 0.3 190 

12 41 41 124 127 228 0.5 216 

13 78 67 139 126 249 0.6 234 

14 89 91 164 158 304 5 -- 

15 74 74 168 162 362 7 -- 
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Zone St 

Average 

MLD for all 

casts (m) 

Cast 

MLD 

(m) 

Average Ez 

for all casts 

(m) 

Cast Ez 

depth (m) 

Cast oxygen 

minimum 

depth (m) 

Cast oxygen 

saturation % at 

minimum 

Cast upper 

ODZ boundary 

(m) 

Gyre 16 56 56 150 140 350 5 -- 

17 57 49 163 145 333 5 -- 

18 36 31 174 165 358 5 -- 

20 49 60 191 168 380 13 -- 

21 59 63 167 142 357 4 -- 

22 56 54 179 162 373 13 -- 

23 45 51 169 164 375 11 -- 

24 54 57 163 153 344 4 -- 

25 76 76 163 156 353 12 -- 

26 57 65 169 167 324 7 -- 

27 60 58 184 171 302 10 -- 

28 67 71 162 168 332 11 -- 

29 66 67 175 154 325 16 -- 

30 74 76 168 172 338 16 -- 

31 65 61 146 126 332 9 -- 

32 84 78 153 142 313 22 -- 

33 65 64 186 176 325 26 -- 

34 58 58 175 174 284 29 -- 

35 67 70 170 169 306 27 -- 

36 60 60 179 163 341 28 -- 
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Supplemental Table 2: Results for 100 m calculations. For comparison with flux calculations 

at the base of the euphotic zone, fluxes for 234Th (original and upwelling-adjusted) and particulate 

organic carbon are included. 

 

Zone St 
234Th flux at 100 m 

(dpm  m-2 d-1) 

Upwelling-adjusted 
234Th flux at 100 m 

(dpm m-2 d-1) 

POC flux at 100 m 

(mmol m-2 d-1) 

Shelf 2 1800 ± 100 7000 ± 1000 10 ± 3 

3 900 ± 100 7000 ± 2000 10 ± 3 

4 1300 ± 200 6000 ± 1000 8 ± 2 

5 1800 ± 100 6000 ± 1000 8 ± 2 

1 2000 ± 100 6000 ± 1000 8 ± 2 

Offshore 6 1800 ± 200 4000 ± 1000 7 ± 3 

7 1900 ± 100 3000 ± 1000 4 ± 2 

8 2200 ± 200 2200 ± 200 3 ± 1 

9 1400 ± 100 1400 ± 100 2 ± 1 

10 1700 ± 200 1700 ± 200 3 ± 1 

11 1900 ± 100 1900 ± 100 3 ± 1 

12 1400 ± 200 1400 ± 200 2 ± 1 

13 1300 ± 200 1300 ± 200 2 ± 1 

14 2200 ± 200 2200 ± 200 3 ± 1 

15 2000 ± 100 2000 ± 100 3 ± 1 

Gyre 16 1900 ± 200 1900 ± 200 2 ± 0.7 

17 1400 ± 100 1400 ± 100 2 ± 0.5 

18 1600 ± 100 1600 ± 100 2 ± 0.6 

20 1500 ± 200 1500 ± 200 2 ± 0.5 

21 1400 ± 200 1400 ± 200 1 ± 0.5 

22 1900 ± 200 1900 ± 200 2 ± 0.7 

23 1800 ± 200 1800 ± 200 2 ± 0.7 

24 1400 ± 200 1400 ± 200 2 ± 0.5 

25 1500 ± 100 1500 ± 100 2 ± 0.5 

26 1400 ± 200 1400 ± 200 2 ± 0.5 

27 1500 ± 200 1500 ± 200 2 ± 0.6 

28 1500 ± 200 1500 ± 200 2 ± 0.6 

29 1500 ± 200 1500 ± 200 2 ± 0.5 

30 1400 ± 200 1400 ± 200 1 ± 0.5 

31 1700 ± 200 1700 ± 200 2 ± 0.6 

32 1800 ± 200 1800 ± 200 2 ± 0.7 

33 1600 ± 200 1600 ± 200 2 ± 0.6 

34 1600 ± 100 1600 ± 100 2 ± 0.6 

35 1800 ± 200 1800 ± 200 2 ± 0.7 

36 1100 ± 100 1100 ± 100 1 ± 0.4 
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Supplemental Table 3: Parameters used to derive the 234Th flux component due to upwelling in the coastal region. The depth 

ranges with gradients in 234Th and potential density are shown here with the approximate depth of equilibrium (where the activity of 

total 234Th first transitions from being lower than the activity of 238U to higher than the local 238U activity). The depth of equilibrium 

was approximated at each station using the slope of the 234Th gradient from the surrounding sampling points. The depth boundaries 

where the gradients existed in both 234Th and potential density generally coincided, but some variability was observed due to the lower 

sampling resolution of 234Th (n = 3 to 8, Fig. 3) compared to that of potential density (n >50, Supp. Fig. 6). To determine the upwelling 

component of 234Th flux, 234Th gradients from each station were multiplied by 7Be-derived upwelling rates that were calculated directly 

for stations 1 and 7 (constant upwelling model with 0 m s-1 horizontal advection; Kadko 2017), shown in bold and italics, or extrapolated 

from surrounding stations as indicated (Supp. Fig. 7). A range of models, w, and u were tested to determine the uncertainty on the 

upwelling component of 234Th flux (Supp. Fig. 7). 

 

Zone St 

234Th surface 

gradient 

depth range 

(m) 

Estimated 

equilibrium 

depth (m) 

MLD to potential 

density gradient 

boundary (m) 

234Th gradient 

with depth  

(dpm L-1 m-1) 

Range of w used 

to assess model 

variability      

(m d-1) 

Upwelling rate 

from constant 

upwelling 

model (m d-1)  

Upwelling 

component of 
234Th flux at Ez 

using constant 

model  

(dpm m-2 d-1) 

Shelf 2 6 - 55 57 8 - 56 3.85E-02 2.4 - 4.9 3.0 3000 ± 1000 

3 7 - 35 35 8 - 54 7.14E-02 2.4 - 4.9 3.0 4000 ± 2000 

4 13 - 47 57 16 - 49 3.79E-02 2.4 - 4.9 3.0 3000 ± 1000 

5 25 - 74 69 25 - 67 2.93E-02 2.4 - 4.9 3.0 2000 ± 1000 

1 45 - 81 80 46 - 79 3.74E-02 2.4 - 4.9 3.0 2000 ± 1000 

Offshore 6 20 - 80 75 31 - 95 2.55E-02 1.4 - 3.5 2.1 3000 ± 700 

7 40 - 110 96 50 - 101 1.68E-02 0.4 - 2.0 1.1 800 ± 300 
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Supplemental Figure 1: Example of inter-cast variability in oxygen. Upcast data taken from 

station 9 is shown for casts performed with the GEOTRACES rosette CTD (red dashed) and the 

Ocean Data Facility rosette CTD (blue dashed). The data from the 3rd cast of the 7 shown here 

was the cast where 234Th was sampled (solid black line). 
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Supplemental Figure 2: Examples of intra-cast variability in oxygen for casts where 234Th 

was collected. Downcast data (dashed line) and upcast data (solid line) are shown with bottle-

derived oxygen concentrations (circles).  Bottle data match the upcast trace because niskins were 

tripped on the upcast. Substantial oxygen differences occurred between the up and down casts even 

when no difference was observed in salinity or temperature.  This data suggests that only upcast 

traces should be used to estimate in-situ oxygen saturation. 
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Supplemental Figure 3: Nitrogen:234Th on large particles (>51 µm) in µmol dpm-1 for the 

upper 400 m. Best fit linear regressions are shown for euphotic samples along with the average 

ratio for samples collected below the base of the euphotic to 400 m (solid lines).  Both are shown 

with 1 standard deviation (dotted lines). Mixed layer samples are not shown and not included in 

ratio calculations. 
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Supplemental Figure 4: Average surface current velocities for October 2013. Geostrophic 

current velocities were obtained from NOAA for the month prior to the sampling of coastal stations 

(October; http://pifsc-oceanwatch.irc.noaa.gov/thredds/catalog.html).  Stations 1 to 8 are shown 

where red circles indicate location and approximate size of a 5 cm s-1 current (diameter of circle). 
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Supplemental Figure 5: 238U minus 234Th activity (colors) with density anomaly (ρθ) and 

salinity contours. Arrows show the proposed direction of upwelling, which would bring deeper 

waters close to equilibrium (238U – 234Th ~ 0) to the shelf.  The most impacted locations appear to 

be from 77° W to 78.5° W. 



 

54 
 

 

Supplemental Figure 6: Potential density profiles for coastal stations (upper 140 m). Potential 

density profiles are shown here for Stations 1 through 7 (77º W to 84º W) with a black marker 

indicating the depth at which successive 1 m data bins showed a difference <0.025 kg m-3. This 

profile stability (difference <0.025) lasted for at least 40 m below the marker.  Due to low 

variability throughout the entire density profile at station 9, a more stringent difference limit 

between 1 m bins (0.01) was applied at this station. The marker depth is referred to in the text as 

the ‘Gradient Boundary’ (Supp. Table 3) and the depth often coincided with the gradient 

termination depth for total 234Th.  Stations 1 to 7 are shown here because relatively large surface 

gradients in 234Th with depth were observed in the upper 140 m when compared to profiles from 

all other stations (85º W to 152º W). Both the density and total 234Th data suggested that upwelling 

corrections would be most appropriate from the mixed layer to the approximate depth of the marker 

shown here, where the large gradients cease. 
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Supplemental Figure 7: Flux of 234Th due to upwelling calculated at the base of the euphotic 

zone. The stations between 77º W to 84º W (1 to 7) showed large surface gradients in 234Th with 

depth when compared to the profiles of all other stations. For these 7 stations, the upwelling 

component of the 234Th flux from Eq. 5, which includes a surface gradient (∂234Th/∂z) and 

upwelling rate (w), is shown here as calculated at Ez. Individual surface gradients were calculated 

for each station and multiplied by an upwelling rate derived from a constant upwelling model 

(Kadko, 2017) and these results are shown as open circles. The upwelling component of 234Th flux 

was set to be non-zero in Eq. 5 at depths between the base of the mixed layer and the density 

gradient boundary (Supp. Table 3, Supp. Fig. 6).  For these stations, Ez was shallower than the 

gradient boundary. Upwelling rates from Kadko (2017) were only determined for stations 1 (79.2º 

W at 3 m d-1) and 7 (84º W at 1.1 m d-1), which are indicated by asterisks. The upwelling rate at 

station 1 was applied to the stations east of 79º W and the rate at 81.5º W was an average of the 

surrounding stations (2.1 m d-1). Vertical lines about the points represent the potential variability 

in derived fluxes due to the model used (constant upwelling with depth versus depth-dependent 

upwelling), w, and u (horizontal advection). The variability shown incorporated a change in 

horizontal advection from 0 m s-1 to 0.2 m s-1, a change in upwelling from 2.4 m d-1 to 4.9 m d-1 

for station 1 and 0.4 m d-1 to 2.0 m d-1 for station 7, and the model was changed from constant to 

depth-dependent (Supp. Table 3). The maximum difference observed at each station between the 

open circles (0 m s-1 horizontal advection, constant model) and the outlier cases (endpoints) was 

used as the uncertainty on the upwelling flux components. 
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Supplemental Figure 8 (A to E): 234Th results plotted relative to the upper 30% oxygen 

saturation boundary. Stations are grouped as follows: (A) Shelf Stations 1-5 from 77° W to 80° 

W, (B) Offshore Stations 6-10 from 80° W to 92° W, (C) Offshore Stations 11-15 from 92° W to 

105° W, (D) Gyre Stations 16-26 from 105° W to 129° W, (E) Gyre Stations 27 to 36 from 129° 

W to 152° W.  All data points are shown as depth relative to the surface ocean depth where oxygen 

saturation levels first reach 30%.  This depth is shown as zero (black line). The range in the depth 

of the euphotic base (Ez) is indicated by the green bracket and the range in the depth of the upper 

ODZ boundary is indicated by the red bracket. Data shading (filled circles) indicates the location 

of stations within each region, with black points being the easternmost station and the lightest grey 

being the westernmost. Note the x-axis change for the 234Th flux panel. 
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Supplemental Figure 8B: 234Th results plotted relative to the upper 30% oxygen saturation 

boundary. Details listed with Supp. Fig. 8A. 
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Supplemental Figure 8C: 234Th results plotted relative to the upper 30% oxygen saturation 

boundary. Details listed with Supp. Fig. 8A. 
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Supplemental Figure 8D: 234Th results plotted relative to the upper 30% oxygen saturation 

boundary. Details listed with Supp. Fig. 8A. 
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Supplemental Figure 8E: 234Th results plotted relative to the upper 30% oxygen saturation 

boundary. Details listed with Supp. Fig. 8A. 


