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Key Points: 10 

 An upper (North Pacific Deep Water) silica maximum is advecting through this region 11 

with only minor modification 12 

 A lower (Upper Circumpolar Deep Water) maximum is created locally by lateral flow 13 

pathways and enhanced subarctic seafloor flux 14 

 The existence of the double silica maximum is linked to weak diapycnal mixing, with 15 

broader implications for North Pacific overturning 16 

  17 



manuscript submitted to Geophysical Research Letters 

 

Abstract 18 

Causes of the double silica maximum in the deep Northeast Pacific Basin (NEPB) are 19 

explored using a stochastic Lagrangian approach. Steady-state advective fields, and diapycnal 20 

diffusion, are taken from a basin-scale hydrographic inverse method that conserves potential 21 

vorticity and salinity. Lateral diffusion is adjusted to optimize the overall agreement with 22 

radiocarbon. It is found that while the mid-depth silica maximum is not created locally, the near-23 

bottom maximum is created within the eastern subarctic NEPB, by the combination of 24 

equatorward abyssal flow pathways and a latitude-dependent seafloor source.  The existence of 25 

the double silica maximum requires weak diapycnal transport in the deep and bottom water, with 26 

implications for the conceptual picture of meridional overturning circulation in the North Pacific 27 

as a whole. 28 

Plain Language Summary 29 

Silica, an important nutrient supporting diatom production, has two distinct vertical 30 

concentration maxima in the deep (>1000 m) northeast Pacific ocean.  This structure suggests 31 

that distinct processes create each of these features, but those processes have eluded explanation. 32 

Here, we explore how large-scale deep ocean currents from a recent study combine with a simple 33 

latitude-dependent source of silica from seafloor sediments to create the near-bottom maximum, 34 

a process that is confined to a southward current in the densest layers in the eastern half of the 35 

basin. In contrast, the shallower (mid-depth) silica maximum is already present in the inflowing 36 

deep water, and is not substantially modified as it flows through this part of the ocean. 37 

1 Introduction 38 

Deep water mass modification in the Northeast Pacific Basin (NEPB) is one of its least 39 

understood processes. Indicators of water "age", such as radiocarbon, are intensified at mid-40 

depth, and the region has been described as a cul-de-sac of the planetary overturning circulation, 41 

where abyssal water is converted into mid-depth water by unresolved processes (e.g. Schmitz 42 

1995). The existence of a double maximum in silica concentation (Si) – one near 2500 m, and 43 

another at the bottom near 4000 m (Edmond et al., 1979) – contraindicates direct upwelling of 44 

bottom water and raises questions about how these two maxima are maintained (Talley and 45 

Joyce 1992). Understanding the double Si maximum involves discarding oversimplified notions 46 

about one-dimensional advection/diffusion balances. In this study, three-dimensional, steady-47 

state advection fields from a recent hydrographic inverse model (Hautala 2018) are used in a 48 

stochastic Lagrangian forward simulation of silica, carbon and radiocarbon concentration. 49 

Because the Mendocino Fracture Zone presents a barrier to meridional flow across ~40°N except 50 

in the westernmost NEPB, distinct pools of dense Lower Circumpolar Deep Water fill deep 51 

isolated areas to the north and south of this barrier. The analysis is thus confined to the North 52 

Pacific Deep Water (NPDW, 28.01 >  > 27.70) and Upper Circumpolar Deep Water (28.10 >  53 

> 28.01) following the definitions of MacDonald et al. (2009).  54 

2 Methods 55 

2.1 Boundary conditions 56 

Lagrangian trajectories are initialized near the boundaries of the inverse model domain. 57 

Initial concentration values on selected neutral surfaces were defined with Ocean Data View 58 
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using the GLODAPP data base to select and then interpolate existing tracer profiles (see 59 

Supplement, Figure S-A1). A northern initialization line (Figure 1c) roughly parallels the 60 

Aleutian Trench from (51°N, 180°) to (56.7°N, 137°N) at ~4° longitude spacing. Western and 61 

southern lines are defined at 180° (P14 section) and at 21°N (interpolating values from the P3 62 

and P4 sections). A short southeastern line from 20°N to 30°N along 121°W also linearly 63 

interpolates the P3 and P4 sections. 64 

2.2 Lagrangian trajectories 65 

100 ensembles are initialized, each seeding 162 Lagrangian trajectories on each of 24 66 

neutral surfaces within the UCDW and NPDW neutral density range (28.099 >  > 27.615). The 67 

spacing is nominally 1°, linearly interpolating initial concentrations described above. If the 68 

meridional component of velocity at a seed location along the northern line is northward (out of 69 

the domain), then the location on that neutral surface is not initialized. If a seed location occurs 70 

north of the inverse model domain, the point is shifted along longitude lines to the northernmost 71 

inverse location, as long as it remains north of 47°N. We thereby make an assumption that, 72 

where the deepest neutral surfaces ground at varying longitudes on shoaling topography, a 73 

strictly southward flow supplies tracer from the Aleutian deep boundary current system (Warren 74 

and Owens 1985) to the closest point in the inverse domain.  Such an assumption is consistent 75 

with interior abyssal circulation in this region (Hautala 2018), although there may be minor 76 

modification of tracer concentration along these short sections. Because the inverse model is 77 

designed to resolve the weaker large-scale interior circulation (based on a planetary geostrophic 78 

formulation for potential vorticity conservation), it does not resolve narrow, swift currents, such 79 

as the Aleutian deep boundary current system.  80 

Using a 6-month time step, t, water parcel locations along Lagrangian trajectories are 81 

iterated from their previous location using a two stage calculation as follows. In a first 82 

(advective) stage, a displacement vector, Δ𝑥 = (𝑢Δ𝑡, 𝑣Δ𝑡, ∆𝜂 + 𝑒Δ𝑡), is calculated using 83 

eastward (u) and northward (v) geostrophic velocity components, and the diapycnal velocity (e), 84 

from the hydrographic inverse model. The isoneutral component of vertical displacement,, is 85 

the difference between the neutral surface height at the new position and the previous time step. 86 

Values between inverse model grid points are determined by linear interpolation. In a second 87 

(diffusive) stage, water parcels are randomly displaced by a value drawn from a Gaussian 88 

distribution with a specified standard deviation as follows.  89 

Diapycnal stochastic displacements are based on diapycnal diffusivity, KV, produced by 90 

the inverse model. Each inverse model geographical location yields a unique coefficient 91 

multiplying a vertical structure function motivated by observations (Kunze et al. 2006) and 92 

depending on stratification, bottom roughness and height above the bottom (see Hautala 2018 for 93 

details). The diapycnal displacement standard deviation, √2𝐾𝑉Δ𝑡 (e.g., Taylor 1921), is thus a 94 

three-dimensional field. Diapycnal mixing has weak interior values and isolated mixing hotspots. 95 

The maximum isoneutral average is only 2.4 X 10
-6

 m
2 
s

-1
 (corresponding to  = 6 m after 6 96 

months) found on a neutral surface with a mean depth of ~4200 m.  97 
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 98 

Figure 1. Vertical sections along (a) 42°N and (b) 166°W, from left to right: Eulerian bin-99 

average silica concentration, number averaged, average longitude of water parcel initialization, 100 

and time since initialization, with bathymetry from 0.5′ SRTM30-PLUS (Becker et al., 2009; 101 

Sandwell and Smith, 2009). White lines indicate neutral surfaces. The thicker white line is  = 102 

28.016, the uppermost neutral surface within the UCDW. (c) Modeled silica concentration on 103 

constant pressure planes as indicated (dbar).  The black square marks 42°N, 142°W. The colored 104 

circles indicate initial value concentration. 105 

 106 

In Hautala (2018), lateral diffusivity, KH, was modeled as independent of geographical 107 

location but a function of neutral density. It is not statistically significant within error bars 108 

reaching about ±200 m
2
/s at mid-depth. Although weak, the exact value significantly impacts 109 

residence time in the tracer model. We use the “clock” associated with radiocarbon to determine 110 

an appropriate value for lateral diffusivity that does not excessively exceed the inverse model’s 111 

of uncertainty (Supplement, Section D). We iteratively increase KH, re-running the inverse 112 

calculation with specified (constant) diffusivity to determine an internally consistent flow field 113 

for the Lagrangian integrations. Lower values of KH result in a basin-averaged low bias in 114 

radiocarbon, compared to observational values determined by linearly interpolating the model 115 

fields to bottle locations from four repeat sections (Figure 2, S-C1) that cross the NEPB (P17: 116 

Musgrave et al. 1995; P16-2006: Feely et al. 2013; P01-2007: Kawano et al. 2009 and P02-117 
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2012: Swift et al. 2014). As KH increases, radiocarbon bias improves, but silica bias worsens, as 118 

does the misfit to potential vorticity and salinity conservation equations in the inverse model. We 119 

settled on a displacement standard deviation of 90 km, corresponding to KH = 260 m
2
/s. This 120 

value of lateral mixing is less than half that of the “LOW-ISO” run from DeVries and Holzer 121 

(2019). However, tracer release experiments in abyssal Brazil Basin are consistent with even 122 

lower values (Rye et al. 2012). Likely, abyssal lateral diffusivity varies geographically in ways 123 

that are not currently well understood.  124 

Next, we determine conditions for halting integration of Lagrangian trajectories. If a 125 

water parcel leaves the inverse model domain across 170°E or 20°N, integration is halted. Water 126 

parcels encountering interior topographic obstacles (i.e., missing value holes in the inverse 127 

domain) are assumed to enter a narrow, unresolved boundary current, such that flow is around 128 

the obstacle rather than dead-ending. In these cases, a “boundary current slippage” algorithm is 129 

implemented as follows.  First, we divide the basin into eastern and western regions. The western 130 

region is between 173°W and 150°W, and north of the Hawaiian Ridge, defined as a line from 131 

(20°N, 150°W) to (32°N, 170°E).  Here, if a topographic hole is encountered, the velocity is set 132 

purely eastward (i.e., back toward the interior) for one time step at the same speed prior to 133 

encountering the obstacle. The eastern region is between 150°W and 123°W and north of 20°N. 134 

Here, the velocity is set to purely westward (again, back toward the interior). Tracer 135 

concentration is not changed during boundary current slippage, and integration is halted if more 136 

than 20 sequential “slippage” time-steps occur (some water parcels repeatedly re-enter 137 

topographically masked regions and become stuck). In the eastern region, this process can be 138 

activated where neutral surfaces intersect the broad topographic slope. However, the density 139 

structure in these areas is such that geostrophic flow is predominantly along rather than across 140 

topographic contours. Thus, when the smaller across-topography component of flow results in 141 

trajectories leaving the domain, intermittent redirection into the nearest interior box has only a 142 

minor impact on the trajectories. Very few water parcels remain stuck in the interior after the 143 

maximum integration time of 500 years (Figure 3a, solid vs. dashed lines). The double silica 144 

maximum occurs without boundary slippage (Fig. S-D4), but with fewer points to average 145 

overall, particularly in the UCDW.  146 

2.3 Tracer source/sink functions 147 

Finally, we use existing observations to specify tracer source/sink functions that 148 

determine iterative concentration changes along the Lagrangian trajectories. We fit the Martin 149 

function (Martin et al., 1987) to deep sediment traps deployed from 200 to 4200 m depth at 150 

station P (50°N, 145°W; Wong et al. 2008) to obtain an estimate of the organic and inorganic 151 

carbon rain rate north of 40°N and its depth dependence. The resulting b value for organic 152 

carbon of 0.575 is close to that recommended by Marsay et al. (2015). The decrease in 153 

particulate flux as material settles through each layer should equal the remineralization rate, so 154 

the Martin function for each phase has been used to determine the losses of both organic C and 155 

CaCO3 particulates. Fluxes have been defined for various latitude bands, with carbon fluxes for 156 

20-35°N and 35-40°N taken as 25% and 50% of those for >40°N, respectively.  For 
14

C, pre-157 

bomb estimates for 
14

C/
12

C in surface water have been used for remineralized particles, as bomb 158 

contamination has only been present for a small fraction of the 1-2 kyr residence time of the 159 

water below 1 km.  Surface water 
14

C/
12

C ratios relative to atmospheric have been assumed as 160 

0.95, 0,93 and 0.90 for the three latitude bands considered. For Si, there is an even stronger 161 

change in flux with latitude, as shown by benthic flux estimates from pore water profiles and 162 
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core incubations, as well as in deep trap deployments (Hou et al., 2019). Sediment trap 163 

measurements at 1 and 4 km depth (Wong et al., 1999) indicate that the fraction of the rain at 1 164 

km that dissolves while settling through the water column is undetectable, previously estimated 165 

at about 5% by Hammond et al. (2004). Regeneration is larger in the subarctic gyre, but the 166 

results are not sensitive to this increase (see Supplement, section D), nor to changes in silica 167 

source parameters by factors of two. Only a few percent of the particulate fluxes are buried (Hou 168 

et al., 2019), so the particle flux that does not dissolve while settling is assumed to be introduced 169 

into the deepest neutral density layer as the bottom source.  170 

 171 

Zone SiB 

(mmol/m
2
/year) 

SiR 

(mmol/m
2
/year) 

FR FC14 

5°N to 35°N 20 1     

 

0.25 0.95 

35°N to 40°N 200 10   

 

0.5 0.93 

> 40°N 600 90   

 

1.0 0.90 

 172 

Table 1. Parameters for the silica, carbon and radiocarbon source functions. 173 

With these constraints in mind, we specify both a per volume water column regeneration 174 

source, SiR, and a bottom source, SiB. The latter affects only the deepest neutral surface, with a 175 

strength that depends on the height of this neutral surface above the bottom (h). Thus, the rate of 176 

change is, in µmol kg
-1

 yr
-1

, 177 

∆Si

∆𝑡
=

1000

𝜌0
(

Si𝑅

𝐻
+

Si𝐵

ℎ
) 

where the latitude-dependent values are given in Table 1, the nominal ocean depth H = 5000 m, 178 

 = 1025 kg/m
3
, and the factor of 1000 has units of µmol/mmol. 179 

Total C and 
14

C changes (µmol kg
-1

 yr
-1

) are handled similarly: 180 

∆C

∆𝑡
=

1000

𝜌0

(C𝑅 + 𝐶𝐵). 

However, unlike silica, the “rain” component for C is a function of scaled pressure 𝑝̂ =181 

𝑝 200 dbar.⁄   The Martin function fits define constants, so that (in 𝑚mol m−3 y−1), 182 

C𝑅 = 𝐹𝑅(1.590𝑝̂−1.575 + 0.354𝑝̂−1.235)  

C𝐵 = 1000
𝐹𝑅

ℎ
(0.553𝑝̂−0.575 + 0.301𝑝̂−0.235).  



manuscript submitted to Geophysical Research Letters 

 

 183 

Figure 2. Vertical sections of modeled and observed Si along (a) P01-2007 and (b) P17.  Note 184 

that the model does not extend as deeply as the data, which reaches into low silica LCDW in 185 

disconnected deep pools of the northern and southern NEPB. (c) Differences (model minus 186 

observed) for 
14

C vs Si using data from all four comparison sections.   187 
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Example values (mmol m
-3

 y
-1

) for the northern zone (FR =1) at 1000 dbar are CR = 0.0175; at  188 

4000 dbar: CR = 0.023, and CB x h/1000 = 0.248 mol m
-2

 yr
-1

.  189 

The radiocarbon source function assumes a latitude-dependent fraction, FC14, of the 190 

atmospheric value (Table 1), and a decay constant 𝜆 = 1.209 × 10−4 y
-1

: 191 

∆14C

∆𝑡
= 𝐹𝐶14

∆C

∆𝑡
− 𝜆14C. 192 

3 Results 193 

Eulerian tracer fields are created by averaging points from all ensembles in 2° x 2° x 200 dbar 194 

bins (Figure 1 and Supplement, section B). Trajectories do not sample the deepest parts of the 195 

basin (white areas of Figure 1), particularly in the west, where isolated pools of LCDW and 196 

dense UCDW exist. Outside these unresolved areas, the model predicts the overall tracer 197 

structure well, particularly the existence of the double silica maximum in the eastern NEPB 198 

(Figure 2). The average absolute difference from observations between 1500-3500 dbar is about 199 

1% for silica and radiocarbon and less for total carbon (Figure S-D1). Between 1500 and 3500 200 

dbar, the standard deviation of tracer difference from observations is: radiocarbon – 6.9‰, silica 201 

– 6.1 µmol/kg and total carbon – 11.5 µmol/kg. This degree of misfit for radiocarbon is similar 202 

to that of DeVries and Holzer (2019). 203 

Figure 3a shows how basin-averaged silica concentration changes as a function of time, 204 

averaged over all trajectories, and separately for the NPDW and UCDW. Also shown is the 205 

distribution of years spent within the basin, excluding water parcels that leave the basin within 206 

the first 25 years (across boundaries close to their release location). The inferred bulk advective 207 

transit time is roughly 40-100 years, larger in the NPDW than the UCDW. Concentration 208 

changes more rapidly near the beginning of integration reflecting time spent beneath the 209 

subarctic gyre with its higher silica flux, particularly for the UCDW. However, there is 210 

considerable geographic variation in silica addition to the UCDW (Figures 3c, S-B2), due to the 211 

bottom source contributing elevated silica primarily where neutral surfaces ground into 212 

topography. Here, rates of silica addition reach 2 µmol kg
-1

 yr
-1

 at 4000 dbar (Figure S-B3) 213 

within associated with the southward near-bottom current in the eastern half of the basin. 214 

4 Discussion and conclusions 215 

A double silica maximum is not found in the boundary conditions (Figures 1c, S-A1). 216 

The northern initialization line has a silica maximum in the lower NPDW (= 28.0) that 217 

increases eastward from 166 µmol/kg at (51°N, 180°) to 177.3 µmol/g at (56.7°N, 137°W).  218 

Values at = 28.1 (the top of the Lower Circumpolar Deep Water, LCDW) also increase towards 219 

the east, by more than double the amount at the maximum (153.2 to 176.1 µmol/kg).  The 220 

Aleutian Trench must act as a source of silica to bottom water flowing east (and possibly 221 

recirculating) in the Aleutian deep boundary current system, establishing a zonal gradient in 222 

silica concentration that contributes to the eastward intensification of both silica maxima in the 223 

interior. As discussed in what follows, the double silica maximum itself arises from the geometry 224 

of lateral advective pathways combined with the bottom source. 225 

 226 
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 227 

Figure 3. (a) Along-trajectory silica concentration as a function of years since initialization for 228 

all water parcels (black), NPDW (red) and UCDW (blue).  Solid lines show the average value at 229 

a given year over all water parcels remaining within the basin. Dashed lines show the average 230 

value for water parcels exiting at that time. (b) Distribution of time between release and exit for 231 

NPDW (blue) and UCDW (red). A large number of trajectories exit within 25 years across 232 

nearby boundaries and are excluded from this histogram. (c) Silica added (Eulerian bin-233 

averaged) along 42°N, defined as concentration of a water parcel minus its initial value.  234 

 235 

In the NPDW, silica values in the pre-existing mid-depth maximum are augmented 236 

modestly and uniformly within the basin (Figures 3c, S-B2). Weak diapycnal mixing implies 237 

very little vertical transport from the UCDW to the NDPW. The total Eulerian diapycnal 238 

transport across the separating =28.01 surface is only 0.1 Sv, about 3% of the 3.5 Sv abyssal 239 

inflow from the northern boundary below 3000 m (Hautala 2018). From the Lagrangian 240 
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perspective, only 0.6% of the water mass trajectories cross to lighter water across =28.01, and 241 

none of these were initialized on surfaces denser than =28.016, corresponding to the lightest 242 

neutral surface within the UCDW. 243 

Talley and Joyce (1992) calculated about 0.2 µmol L
-1

 yr
-1

 to maintain the mid-depth 244 

(NPDW) silica maximum. Their budget assumed a 20 µmol/kg average North Pacific 245 

enhancement of silica over its value in the western tropics (140 µmol L
-1

), and a time-scale of 246 

100 years based on the western vs. eastern difference in 
14

C at its minimum. Johnson et al. 247 

(2006) used a similar approach for a regional NEPB estimate, relative to a 160 µmol L
-1

 value 248 

near Hawaii. An updated inventory calculation resulted in an excess silica pool of approximately 249 

164 Tmol between 2000-3000 dbar. Nominal westward flow of 0.5 cm/s resulted in a flux of 2.4 250 

Tmol/yr, larger than obtained (1.6 Tmol/yr) using the radiocarbon residence time of Talley and 251 

Joyce (1992).   252 

We can compare these earlier estimates to the average accumulated silica concentration, 253 

converting to total silica using the combined mass of the Eulerian bins. For the NPDW as a 254 

whole (approximated using bins between 1000-2800 dbar), 29 Tmol is added. The average time 255 

since initialization, or age, is 86 years, and the average supply rate is 0.3 Tmol/yr, calculated by 256 

averaging bin values of added silica divided by age. Silica is added primarily by water column 257 

regeneration, and this rate is 5 to 10 times smaller than the earlier estimates, and supporting the 258 

idea that the NPDW maximum is largely advecting through the basin with relatively minor 259 

modification. The inverse model suggests that a more appropriate scale value for advective 260 

velocity in the NPDW is 0.1 cm/s (Hautala 2018), explaining part of the difference from Johnson 261 

et al. (2006). In addition, the lower NPDW primarily enters the basin from the north, raising the 262 

concentration of “background” silica water by 6 to 17 µmol/kg (based on the zonal range of 263 

initial Si along the northern initialization line). 264 

The model tends to underpredict Si below 2000 dbar (Figure 2c), an overall bias that 265 

cannot be corrected by tuning parameters without exacerbating the low radiocarbon bias 266 

(Supplement, section D). Along P17 (Figure 2b), the NPDW silica deficit is especially large 267 

south of ~48°N, proximal to gaps in the Juan de Fuca Ridge where higher silica Cascadia Basin 268 

Bottom Water overflows (Hautala et al. 2009). Talley and Joyce (1992) hypothesized that 269 

Cascadia Basin was a source for mid-depth Si, however benthic flux measurements show that it 270 

can contribute only ~0.06 Tmol/y (Esther et al. 2010), about 20% of the overall NPDW input in 271 

our tracer model. Although not properly resolved on the large scale of the inverse circulation 272 

fields, a sensitivity experiment with a crude representation of silica flux from Cascadia Basin 273 

suggests that it may be partially responsible for the regional low values in the tracer model at 274 

mid-depth along P17 (Figure S-D2).  275 

In contrast to the situation at mid-depth, silica concentration within the UCDW layer is 276 

strongly modified within the NEPB. North of 30°N, this water mass is primarily sourced from 277 

the northern boundary, flowing to the south along topography east of 150°W, associated 278 

geostrophically with neutral surfaces that slope downward to the east (Hautala 2018, Figures 1a, 279 

S-D3). Water parcels preferentially acquire silica from the bottom source in regions where these 280 

neutral surfaces ground, or incrop, into the seafloor that slopes upward to the east. The incrop 281 

longitude shifts further east for lighter surfaces, resulting in lower silica water above higher silica 282 

water in the UCDW layer at any given location (Figure 1a, c). A weak near-bottom maximum in 283 

total carbon is also created, in agreement with the data along P01-2007 (for carbon fields, see the 284 

Supplement). At 4000 dbar, Si is elevated by 5-10 µmol/kg over the initial value in an area east 285 
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of 150°W (Figure 1c), before becoming admixed with lower Si water to the south. In total, the 286 

UCDW (2800-5000 m) gains 35 Tmol, primarily from the seafloor source. The average age is 40 287 

years, and the average supply rate is 1.4 Tmol/year, primarily in the eastern subarctic gyre. A 288 

spatial correlation between young age and high silica flux makes the average supply rate 289 

substantially larger than the total silica added divided by the average age. 290 

We conclude: 291 

(1) The mid-depth silica maximum in the lower NPDW is largely flowing through the 292 

basin with minimal modification, consistent with the original hypothesis of Edmond et al. 293 

(1979).  The increase in silica at the maximum towards the east along the northern tracer 294 

initialization line suggests the importance of processes associated with the Aleutian deep 295 

boundary current system, but these are unresolved by the present study.  296 

(2) The near-bottom maximum in the UCDW is created locally within the basin, 297 

consistent with the independent analysis of Hou et al. (2019) based on benthic flux 298 

measurements and one-dimensional modeling of the bottom 500 m of the water column. The 299 

addition of silica via the seafloor source occurs preferentially where neutral surfaces incrop into 300 

broadly upsloping topography.  301 

The observed silica structure is fundamentally dependent on vertically disconnected 302 

circulation systems in the UCDW and the NPDW, supported by weak diapycnal mixing in the 303 

inverse solution of Hautala (2018). We note that diapycnal mixing in Hautala et al. (2018) is 304 

considerably weaker than in the adjoint inverse model of DeVries and Holzer (2019), and full 305 

verification awaits direct measurement. However, weak diapycnal mixing in the interior NEPB is 306 

supported by the observations that do exist (Kunze 2017). The inverse calculation is limited to 307 

large scales, and unresolved mixing hotspots may provide localized places where water parcels, 308 

with high concentrations in the UCDW may move into NPDW density classes (Hautala 2018). 309 

Indeed, observed high silica concentrations connect the deep and mid-depth maxima in a very 310 

limited band just north of 40°N along P17 (Figure 2b). The Mendocino Fracture Zone may be 311 

one mixing hotspot – it has a crest that reaches well into the NPDW, and is known to have 312 

elevated diapycnal mixing rates in its immediate vicinity (Althaus et al. 2003).  313 

Finally, given diapycnal mixing rates that decrease away from the seafloor, there is very 314 

little diapycnal communication within the NPDW itself and its treatment as a single water mass 315 

is likely an oversimplification. Water parcels may exit the basin and recirculate west of the 316 

Hawaiian Ridge to re-enter the system at somewhat lighter density. Circuits that include the 317 

southern hemisphere cannot be ruled out, suggesting a future extension of the model to the entire 318 

Pacific. The noncoincidence of diverse tracer extrema such as silica, oxygen, nutrients, carbon, 319 

radiocarbon and 
3
He (e.g Fig. S-B1, S-B2, Lupton 1998; Talley et al. 1991) in the northeast 320 

Pacific are difficult to explain. We hypothesize a new schematic involving a slow upward spiral 321 

of deep water parcels making multiple long circuits that pass through the Northeast Pacific Basin 322 

on successively lighter density horizons. This many-layered circulation system, combined with 323 

the unique source/sink aspects of each tracer feeding into different portions of the upward 324 

spiralling trajectories, may have better success in explaining the observed complexity in the 325 

tracer features in this region.  326 
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