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ABSTRACT 7 

The ability to reconstruct past ocean currents is essential for determining ocean 8 

circulation’s role in global heat transport and climate change. Our understanding of the 9 

relationship between circulation and climate in the past allows us to predict the impact of 10 

future climate-driven circulation changes. One proposed tracer of past ocean circulation 11 

is the neodymium isotope composition (εNd) of ancient water masses. However, 12 

ambiguities in what governs the εNd distribution in the modern ocean hamper 13 

interpretations of this tracer. Here we present εNd values for marine pore fluids, 14 

sediments, and the overlying water column for three sites in the North Pacific. We find 15 

that ocean bottom water εNd (εNd BW) in the Northeast Pacific lies between the value 16 

expected for the water mass (-3.3) and the measured εNd of sediment pore fluid (εNd PW; -17 

1.8). Moreover, εNd PW resembles the εNd of the sediment. Combined, these findings are 18 

consistent with recent assessments that sediment pore fluids may be a major source of 19 

rare earth elements to the ocean, and suggest that the benthic flux of neodymium from 20 

pore fluids exerts the primary control over the deep ocean distribution of εNd. 21 

INTRODUCTION 22 
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Neodymium isotopes are used as a tool in reconstructing ocean circulation. The 23 

neodymium isotopic value (εNd) is defined as [(144Ndsample/143NdSample) / 24 

(144NdCHUR/143NdCHUR)-1] × 104 whereas CHUR is the Chondritic Uniform Reserve, used 25 

as an average earth value (144Nd/143Nd = 0.512638) (Jacobsen and Wasserburg, 1980). 26 

Utilizing εNd to reconstruct ocean circulation is based on the fundamental assumption 27 

that changes in εNd reflect conservative mixing of water masses (Frank, 2002). However, 28 

this assumption has been called into question because the marine budget for εNd is 29 

unbalanced (Tachikawa et al., 2003; van de Flierdt et al., 2004; Arsouze et al. 2009) and 30 

because water mass εNd (εNdWM) appears to be altered by non-conservative processes in 31 

marginal settings or “boundary exchange” (Lacan and Jeandel, 2005; Carter et al., 2012; 32 

Grasse et al., 2012; Grenier et al., 2013; Haley et al., 2014; Stichel et al., 2015). In 33 

addition, global ocean circulation models incorporating εNd distributions suggest that 34 

there is a “missing” source of dissolved Nd that contributes up to ~95% of the Nd to the 35 

ocean (Arsouze et al., 2009). Pore fluid concentration profiles indicate that this missing 36 

source could be a benthic flux of Nd from sedimentary pore fluids (Sholkovitz et al., 37 

1989; Haley et al., 2004; Abbott et al., 2015). If so, how does this benthic flux of Nd 38 

impact the distribution of εNd in the ocean and the use of εNd in paleoclimate 39 

reconstructions? To answer this question we examine the εNd of the pore fluids, which 40 

represent a benthic source of Nd that is significant to the marine Nd budget (Abbott et al., 41 

2015). 42 

METHODS 43 

We collected 20 L water column, ~1L sediment pore fluid, and sediment samples 44 

from three sites off the Oregon margin in October 2012 and July 2013 (Fig. 1, detailed 45 
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description in Abbott et al., 2015). Briefly, water column samples were collected using 46 

Standard PVC Niskin bottles that were pressurized with N2 upon recovery to filter the 47 

sample using in-line “Disposal A” 0.45 µm filters (Geotech Environmental item 48 

73050004). All water column samples were acidified to pH ≤2.5 using ultrapure 12 M 49 

HCl. Pore fluid was collected using centrifuged sediments from multiple cores and the 50 

centrifuged sediments were then digested in a mixture of HNO3, HCl and HF using a 51 

CEM Corp MARS-5 microwave (Muratli et al., 2012; Abbott et al., 2015). 52 

Water and sediment digests were analyzed for Nd concentrations on the Thermo 53 

VG ExCell quadropole ICP-MS at the W.M. Keck Laboratory for Plasma Mass 54 

Spectrometry (Oregon State University). A large volume seawater sample (NBP95R10) 55 

collected from the Bransfield Strait in the Southern Ocean (62° 46ʹS, 59° 24ʹW) at a 56 

water depth of 1300 m was used as an in-house consistency standard (mean 24.8 pM Nd, 57 

1σ = 4 pM, procedural blank 3.5 pM Nd) as no calibrated seawater standards are 58 

available. All isotopic analyses were performed on the Nu Plasma ICP-MS multi 59 

collector in the Keck Laboratory at Oregon State University with 144Nd on the Axial cup 60 

internally normalized for mass bias to 146 Nd/ 144 Nd = 0.7219. JNdi-1 was used for 61 

normalization to 144Nd/143Nd = 0.512115 with a 2σ uncertainty of ± 0.000011, n = 166 62 

(reference value 0.512115 ± 0.000007 Tanaka et al., 2000). SpecPure was used for 63 

external precision with 144Nd/143Nd = 0.511205 with a 2σ uncertainty of ± 0.000014, n = 64 

147. 65 

RESULTS AND DISCUSSION 66 

We find water column Nd concentrations to range between 10 pM and 40 pM 67 

(Fig. 2a) and εNd ranges between −1.2 and −3.2 (Fig. 2b). Using potential temperature 68 



Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G37114.1 

Page 4 of 16 

and salinity data we interpret our 1200 and 3000 m sites to represent mixing between 69 

North Pacific Intermediate Water (NPIW, ~240 m) and Pacific Deep Water (PDW, 70 

~3000 m, Fig. 2b). Based on these water mass identifications and the published εNd of 71 

NPIW and PDW (Haley et al., 2014), the water column εNd profile is predicted to 72 

decrease with depth from −3 toward −3.5 (Fig. 2b). Instead, the observed εNd appears to 73 

remain constant with depth below the surface, at −2.5 at 1200 m and at −2.3 at 3000 m 74 

(Fig. 3). The deviation between the observed and the expected εNdBW is greatest 75 

(ΔεNdexp-obs = 1.0) in bottom water at our 3000 m site, coinciding with the largest benthic 76 

flux of Nd to the ocean (Fig. 3, Abbott et al., 2015). The εNdobs deviates toward the εNd 77 

of pore fluids (εNdPW), with εNdobs being less radiogenic than predicted (Fig. 3). The 78 

average pore fluid εNd value (εNdPW) at each site is nearly constant down core and is 79 

−0.2 at 200 m; −1.5 at 1200 m (excluding 1.2 cm and 2.4 cm); and −1.8 at 3000 m (Fig. 80 

3). These values are offset from PDW values (−3.5), and instead must be generated from 81 

the bulk sedimentary solid phase (Fig. 3). Regardless of the mechanism of generation, our 82 

measured εNdPW demonstrate that pore fluids can produce an isotopically distinct flux 83 

term. 84 

We argue that the overlying water column εNd profile is controlled by the benthic 85 

Nd flux from the pore fluids and that the influence of this flux on water column εNd can 86 

be described as: 87 

!NdWM =  !( !" WM,!Nd,!!!
!!!  ΔεNdFlux-WM) (1) 88 

Where the εNd of a water mass (εNdWM) is a function of the concentration of Nd in 89 

the water mass ([Nd]WM; at t = 0), the magnitude of the benthic flux (FNd), and the 90 
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difference between the observed εNdWM (at t = 0) and εNd of the benthic flux (ΔεNdFlux-91 

WM) integrated over the time of exposure to the flux (T). In this model, a surface water 92 

mass has low initial [Nd]WM and initial εNdWM that resembles the regional riverine 93 

dissolved load. If this water mass does not contact the sediments, FNd is negligible, 94 

limiting changes in εNdWM to only water column processes. However, if the water mass 95 

is exposed to a sedimentary source of Nd, then εNdWM is possibly altered. The potential 96 

for alteration grows with increases in either the ratio of FNd to [Nd]WM (i.e., piston 97 

velocity) or the difference between the εNd of the flux relative to εNd of the water mass 98 

(ΔεNdFlux-WM,	where	εNdFlux	is	assumed	equivalent	to	εNdPW). This model implies that 99 

a short exposure time of a water mass to the sediment with a high FNd or a large ΔεNdFlux-100 

WM is able to readily alter the εNdWM at timescales observed in the modern ocean (figure 101 

4). Alternatively, an infinitely long exposure to a zero flux, or a region with a small 102 

ΔεNdFlux-WM will not alter εNdWM. Essentially, our model based on observations from the 103 

North Pacific suggests that the deep-water distribution of εNd is primarily dependent on 104 

FNd, ΔεNdFlux-WM, and exposure time to the benthic flux. 105 

Our model provides a mechanism to explain deep-water εNd alteration in the 106 

North Pacific in the absence of modern deep-water formation. Specifically, the benthic 107 

flux of Nd from sedimentary pore fluids can alter bottom water εNd to resemble a local 108 

sedimentary εNd signature. This alteration of bottom water εNd is most noticeable in 109 

regions with distinct weathering provenances. For instance, the benthic flux of Nd from 110 

the Amazon River depocenter may explain the resemblance of deep Caribbean water εNd 111 

(εNd≈-9.2) to the εNd of the Amazon River (εNd≈-9; Osborne et al., 2014) instead of the 112 
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εNd of the AAIW (εNd≈-11). In general, biogenic phases will have an εNd that 113 

resembles surface water (Akagi et al., 2014), meaning ΔεNdFlux-WM in regions of 114 

dominantly biogenic sediments will not alter εNdBW in homogenous water columns, such 115 

as the Southern Ocean (Stichel et al., 2012), but may alter εNdBW in regions where 116 

εNdSurface is different than εNdBW, such as in the North Pacific (Akagi et al., 2014). 117 

Moreover, low concentrations of Nd in calcareous sediments minimize the ability of 118 

these sediments to change εNdWM (Parekh et al., 1977; Elderfield et al., 1981; Shaw and 119 

Wasserburg, 1985). The variation in FNd and ΔεNdFlux-WM (Fig. 3) within our small study 120 

region highlights the need for further investigation of the reactions that govern the 121 

isotope composition and magnitude of the benthic flux throughout the global ocean. 122 

Our benthic source model is consistent with Nd observations in the modern ocean. 123 

For instance, large vertical Nd concentration gradients in the Pacific (Lacan et al., 2012) 124 

are consistent with long-term exposure of old bottom water to a substantial benthic flux. 125 

Furthermore, the addition of Nd with a pore fluid εNd signature to bottom water would 126 

shift the εNd of the bottom water toward more radiogenic values, consistent with 127 

deviation of observed bottom water εNd from the predicted bottom water εNd at our sites 128 

(Fig. 3). To produce this deviation only requires a small proportion of the dissolved Nd in 129 

pore fluids to be transferred to the overlying water column (Equation 2). In contrast, 130 

producing the observed bottom water Nd concentrations and εNd with only vertical water 131 

column processes is implausible because of the high mass transfer that would be required 132 

to create the observed shift in εNd up to 1 unit, consistent with previous findings  (Lacan 133 

and Jeandel, 2005; Arsouze et al., 2009; Carter et al., 2012; Grasse et al., 2012; Grenier et 134 

al., 2013).   135 
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Our model shifts the dominant oceanic source of Nd from a series of surface point 136 

sources (i.e., rivers) to a diffuse sedimentary source. Is this hypothesis consistent with the 137 

temporal and spatial scales of εNd variability seen in the ocean? To address this question 138 

we use the concept of piston velocity to reflect the ability of the flux to influence the 139 

overlying water column. Piston velocity is typically used with respect to gases, but more 140 

broadly piston velocity is a calculation that treats the flux as proportional to the contrast 141 

in concentrations (Kump et al., 2005). Here we define piston velocity as the ratio of the 142 

magnitude of the flux and the Nd concentration in the overlying water mass 143 

(FNd/[Nd]BW). The calculated piston velocities range from 860 cm yr-1 at 3000 m to 360 144 

cm yr-1 at 1200 m 140 cm yr-1 at 200 m. 145 

The piston velocity should be related to the observed offset between εNdBW and 146 

εNdFlux if our calculated piston velocities are indicative of the ability of the benthic flux to 147 

alter εNdBW. Accordingly, we find an inverse relationship between the magnitude of the 148 

difference between the measured εNdFlux and εNdBW (ΔεNd) and the piston velocity (PV, 149 

in cm yr-1) at our sites (Equation 2). Specifically: 150 

|ΔεNd| = 73 x PV -0.9 (2) 151 

Equation 2 demonstrates that as piston velocities increase the flux will exert more 152 

control over the resulting εNdBW, i.e., ΔεNd approaches zero. Conversely, as piston 153 

velocities decrease the flux has no potential to alter the bottom water εNd. The 154 

relationship between ΔεNd and PV may provide a constraint on the degree of change to 155 

the εNd signature of a bottom water mass that is not related to conservative water mass 156 

mixing for paleocirculation because this relationship allows us to estimate the sediment-157 

water exchange rate, provided ΔεNd and [Nd]BW are known, or to estimate the ΔεNd if 158 
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the piston velocity is known. Estimates cannot be made in regions where either ΔεNd or 159 

PV is zero, and our calculations do not account for exposure time. For the latter caveat, 160 

we can model the sensitivity of the response of εNdWM to a predicted flux (Equation 2) 161 

over a range of exposure times; predicting εNdWM over 500 years for 6 scenarios 162 

representing a range of conditions in the modern ocean (Fig. 4). In all scenarios, εNdFlux = 163 

−5 and εNdBW = 0. The model results demonstrate that low fluxes require a longer 164 

exposure time to alter εNdWM and have a lower ability to cause alteration (Fig. 4). 165 

Conversely, high fluxes can result in fairly rapid shifts to εNdWM, regardless of initial Nd 166 

concentration (Fig. 4). For example, scenario 1 results in a 1.5 εNd shift in ~50 years; the 167 

same change in εNd requires ~185 years in scenario 2, ~230 years in scenario 3, and 168 

more than 500 years in scenarios 4, 5, and 6 (Fig. 4). All scenarios assume a water mass 169 

thickness of 2000 m.  This sensitivity test demonstrates that the timescales associated 170 

with an influence of the benthic flux of Nd on the εNd distribution in the deep ocean is 171 

commensurate with modern observations (average mixing time of the deep ocean 1500 172 

years; Broecker and Peng, 1982). 173 

We can go one step further and apply the piston velocity over the height of the 174 

overlying water mass to calculate the time required for the benthic flux to change the 175 

εNdWM by calculating the “response time” (τresponse). We calculate the response time of a 176 

given water mass to the benthic flux of Nd for our model (Equation 3) 177 

τresponse = ([Nd]WM x H x A)/(FNd x A) (3) 178 

where H is the thickness of the water mass (2500 m at 3000 m site; 1000 m at 179 

1200 m site; 200 m at 200 m site), [Nd]WM is the average concentration of Nd in the 180 
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water mass, FNd is the magnitude of the flux, and A is the area. These τresponse calculations 181 

allow us to isolate and only consider the water mass in contact with the sedimentary 182 

source, assuming steady state. We find τresponse to be ~300 years at both our 1200 m and 183 

3000 m site, consistent with the observed basin scale εNd variability seen in deep water 184 

(Tachikawa et al., 1999). 185 

Our εNd data and benthic flux model support εNd as a useful tracer of ocean 186 

circulation. However, our model adds complexity to interpretations of the εNd data. We 187 

propose that εNd retains a memory of its flow path (Equation 1), as seen in our data by 188 

the alteration of more radiogenic Pacific Deep Water with a less radiogenic benthic flux 189 

(Fig. 3). This memory means that past changes in circulation, such as shifts in the 190 

location of deep-water formation and current velocity, are recorded by εNd in part 191 

because they change the exposure time to benthic fluxes. For example, sluggish deep-192 

water formation may alter εNdBW simply due to increased exposure time of bottom water 193 

to the benthic flux. Additionally, factors such as sediment distribution and composition 194 

changes (Scher and Martin, 2004; Fagel and Hilaire-Marcel, 2006; Franzese et al., 2006) 195 

may alter εNdBW with no concurrent change in circulation. We suggest that εNd is a more 196 

precise tracer of circulation because these factors can be determined and provide 197 

additional constraints for reconstructions. 198 

In conclusion, we suggest that marine sediments are a dominant source of Nd to 199 

the ocean and that this benthic source likely controls the Pacific Ocean’s deep-water εNd 200 

distribution. We assert that the εNd signature of a water mass is determined by a 201 

combination of the circulation path and the exposure time to sedimentary fluxes, 202 

advancing our ability to interpret εNd as a robust tracer of circulation. We suggest the 203 
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influence of boundary exchange through a large benthic flux may continue to alter the 204 

εNd signature of a water mass in the deep sea.   This model presents a revised way to 205 

examine the oceanic Nd budget and suggests future εNd studies are needed to test this 206 

model in the abyssal Pacific and other major ocean basins.  207 
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FIGURE CAPTIONS 317 

 318 

Figure 1. Site locations on a map of the eastern North Pacific. Sites are indicated by site-319 

specific symbols (200 m site by a square, 1200 m site by a triangle, and 3000 m site by a 320 

circle).  321 

 322 

Figure 2. Profiles of water column A) Nd concentrations and B) εNd plotted as a function 323 

of depth. The black line (B) represents the εNd profile expected based on water mass 324 

mixing between North Pacific Intermediate Water (NPIW) and Pacific Deep Water 325 

(PDW) with 2σ error indicated by gray shading. NPIW and PDW are indicated by black 326 

stars and labeled. Bottom water samples are indicated by gray filled symbols. Data from 327 

the Gulf of Alaska (Haley et al., 2014) are shown for comparison. The depth of the 328 

sediment-water interface is indicated for the 200 m and 1200 m site. Concentration data 329 

for 1200 m and 3000 m is from Abbott et al. (2015). Error bars (2σ) are provided for 330 

concentration and isotopic data. 331 

 332 

Figure 3. Composite dissolved Nd concentration and εNd profiles plotted as a function of 333 

water depth or sediment depth. Vertical bars represent the mean εNd of the water column 334 

(gray) and pore fluids (blue). The shaded vertical bars show 2σ error of the mean 335 

dissolved εNd for the water column (gray) and pore fluids (blue). The green lines 336 
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represent the expected water column εNd profile from Figure 2. Concentration data for 337 

1200 m and 3000 m is from Abbott et al. (2015). Mean observed εNd are italicized. Error 338 

bars (2σ) are provided for isotopic data, error bars for concentrations are smaller than the 339 

marker size. 340 

 341 

Figure 4. Resulting εNdWM for six modeled flux scenarios. The scenarios are 1) 30 pmol 342 

cm-2 yr-1 flux with 15 pM initial [Nd]WM; 2) 30 pmol cm-2 yr-1 flux with 60 pM initial 343 

[Nd]WM; 3) 6 pmol cm-2 yr-1 flux with 15 pM initial [Nd]WM; 4) 6 pmol cm-2 yr-1 flux with 344 

60 pM initial [Nd]WM; 5) 0.5 pmol cm-2 yr-1 flux with 15 pM initial [Nd]WM; 6) 0.5 pmol 345 

cm-2 yr-1 flux with 60 pM initial [Nd]WM. For these scenarios, we used εNdBW = 0 and the 346 

εNdFlux = −5. Grey boxes illustrate the exposure time it takes a water mass to reach 347 

εNdBW = -1.5; only half of the scenarios reach εNdBW = -1.5 in 500 years. 348 

 349 

1GSA Data Repository item 2015xxx, Table 1 Water column Nd concentrations and εNd 350 

with depth. Concentrations at 1200 m and 3000 m from Abbott et al. (2015); Table 2 Pore 351 

water and sediment Nd concentrations and εNd with depth in core, is available online at 352 

www.geosociety.org/pubs/ft2015.htm, or on request from editing@geosociety.org or 353 

Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. 354 
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Appendix for: Bottoms up: sedimentary control of the deep ocean’s εNd signature 1	

April N. Abbott1*, Brian A. Haley1, James McManus1, 2 2	

 3	

Additional Methods 4	

Sample Preparation 5	

Iron coprecipitation techniques were used to preconcentrate seawater and pore 6	

water REEs (modified from Stichel et al., 2012).  Briefly, 1 mL clean ~1.0 M ferric 7	

chloride solution was added to each 20 L seawater sample and each 1 L of pore water 8	

followed by enough ultra-pure ammonia hydroxide to raise the pH of the water to 8.  The 9	

water was syphoned away after iron flocculation was complete (typically 24 to 72 hours) 10	

and the remaining iron floc was rinsed with MQ water at least 3 times.  Samples were 11	

then refluxed in distilled concentrated HCl and HNO3 in a 1:1 solution for 24 to 78 hours, 12	

dried down completely and redissolved in ultrapure 6 M HCl (Stichel et al., 2012).  13	

Diethyl ether back extractions removed ~90% of the Fe from the solution.  The samples 14	

were dried after ether back extractions to eliminate any remaining ether before being 15	

brought up in 1 mL 6M HCl. 16	

Sediment, water column, and pore fluid samples were run through a series of ion 17	

exchange columns to isolate the Nd fraction for isotopic analysis. AG-1X8 resin was used 18	

first to remove Fe from the solution and therefore increase the yield and efficiency of the 19	

remaining columns.  The resin was cleaned with 6 mL 6M HNO3, 6 mL MQ, and 20	

conditioned with 6 mL 6M HCl before the sample was loaded in 1 mL 6M HCl as 21	

collection began and eluted with an additional 5 mL 6M HCl  (modified from Scholz et 22	

al., 2014).  Next, cation exchange columns (1.8 mL AG50-8X HCl form resin) removed 23	



major cations.  Neodymium was further isolated from other lanthanides using Ln Spec 24	

resin (modified from Pin and Zalduegui, 1997).  Each column was loaded with 2 mL of 25	

50-100 µm mesh Ln resin (Eichrom® part LN-B50-5) and cleaned with 4 mL 6M HCl 26	

and 6 mL MQ.  The column was then conditioned in 4 mL 0.1M HCl before the 0.5 mL 27	

sample was loaded in 0.1M HCl, and then eluted with 15 mL 0.1M HCL and 0.25M HCl. 28	

Flux Calculations 29	

The benthic flux of Nd from each of our sites was calculated using the 30	

concentration gradient in the pore fluids (Abbott et al., 2015).  The benthic fluxes at our 31	

sites (between 2.6 and 31 pmol cm-2 yr-1) are in agreement with benthic flux estimates 32	

from pore fluid (between 2.8 and 36 pmol cm-2 yr-1) and benthic chamber (2.1 pmol cm-2 33	

yr-1) flux calculations from the California margin (Haley and Klinkhammer, 2003). We 34	

estimated the benthic flux of Nd at our 200 m site using a linear fit with a molecular 35	

diffusion coefficient (D) value of 2.3x10-6 even though the presence of macrofauna at this 36	

site likely interferes with diffusive processes (Abbott et al., 2015). Flux calculations at 37	

our sites did not take into account the concentration of Nd in the bottom water, allowing 38	

us to maintain the independence of piston velocity in identifying the relationship between 39	

piston velocity and ΔεNd (equation 2). However, for illustrative purposes, we also 40	

calculate the flux across the sediment-water interface including the bottom water.  These 41	

calculations are based on only the bottom water Nd concentration and the upper most (1.2 42	

cm) pore fluid Nd concentration after the calculation by Haley and Klinkhammer (2003). 43	

The resulting fluxes still increase from our 200 m site (16 pmol cm-2 yr-1) to our 1200 m 44	

site (22 pmol cm-2 yr-1) to our 3000 m site (26 pmol cm-2 yr-1).  45	

Exposure Time Model 46	



We modeled the sensitivity of the εNdWM response to the benthic flux over time.  47	

Specifically, the model demonstrates how exposure time can limit εNdWM alteration.  The 48	

fundamental constraint is whether the observed spatial variation in water column εNd 49	

values is consistent with our measured benthic flux values. For this model, we define:  50	

εNdBW (t) = εNdBW (t=0) × ([Nd]BW, t= 0/[Nd]BW, t=t) + εNdFlux (t=0) × ([Nd]Flux, t= 0/[Nd]BW, t=t)  (4) 51	

and 52	

[Nd]C=F × t × p (5) 53	

Where [Nd]C is the cumulative concentration of Nd that is derived from the 54	

benthic input, F is the flux, t is time, and p is the limit imposed on the amount of Nd as a 55	

fraction of the flux that can be added to the bottom water (0 ≤ p ≤ 1). We present the 56	

simplest of these models in the main text: a 500 year simulation for 6 scenarios, each 57	

with εNdFlux= -5 and εNdBW= 0, in which the amount of Nd added is equal to the 58	

cumulative flux (i.e., p=1, Figure 4). The model presented is not at steady state as there is 59	

no loss term included to conserve bottom water Nd concentrations. However, by 60	

adjusting p we can numerically conserve the Nd concentration in the water mass, and 61	

bring the model towards steady state. While conservation of concentration is possible, a 62	

realistic sink needs to be constrained both isotopically and in terms of the pattern of 63	

REEs.  The constraint of the sink is tangential to the characterization of the source of Nd 64	

from the benthic flux.  For this reason, we do not present the results of the steady state 65	

model. For the model presented (Figure 4) we use a constant water mass height of 2000 66	

m for all 6 scenarios when calculating the amount of Nd in the bottom water 67	

(concentration (pmol cm-3) × height (cm)). The model can be adjusted to the parameters 68	

at each site (e.g. water column height, εNdFlux, and εNdBW) and can be adjusted for a 69	



balance between source and sink (i.e. steady state, p approaches 0).  Currently, presenting 70	

the results of this site specific model are unwarranted given that the pore fluid εNd data 71	

presented here are the first of their kind and limited to sites on the Oregon margin. The 72	

purpose of the model at this stage is to conceptualize the influence of the benthic flux and 73	

the simplest model (presented) demonstrates how εNd might change in a water mass as it 74	

is exposed to a Nd flux from below.  While the simplest model provides a crude estimate 75	

for the benthic processes that determine bottom water εNd in the North Pacific, more 76	

complex models will need to be implemented to fully describe these processes. 77	

 78	
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Appendix Figure Captions 107	

Appendix Figure 1. Temperature plotted as a function of salinity for 200 m (green), 1200 108	

m (black), and 3000 m (purple) sites. Blue dots are WOCE data for the eastern North 109	

Pacific (Schlitzer, R., Ocean Data View, http://odv.awi.de).  Select water column depths 110	

are labeled (in meters, open circles) on the plot.  Major water mass cores for North 111	

Pacific Intermediate Water (NPIW, green) and Pacific Deep Water (PDW, pink) are 112	

identified with solid circles.   Water mass temperature and salinity data is from Talley et 113	



al.  (2011) and the εNd of the water masses (labeled in parenthesis) is from Haley et al. 114	

(2014). 115	

 116	

Appendix Figure 2. |ΔεNd| plotted as a function of piston velocity (PV). The relationship 117	

between |ΔεNd| and piston velocity is described as |ΔεNd| =73 x PV-0.9.  This relationship 118	

shows that εNdBW is not altered to resemble εNdBW when the piston velocity approaches 119	

zero allowing ΔεNd to retain higher values. Alternatively, |ΔεNd| will approach zero as 120	

piston velocities increase. Filled symbols are sites where both ΔεNd and piston velocity 121	

are based on field measurements.  Open diamonds are calculated piston velocities based 122	

on measured ΔεNd and [Nd]BW.  Open circles are calculated ΔεNd based on published 123	

pore water fluxes and [Nd]BW
 (Haley and Klinkhammer, 2003). 124	

Appendix Table 1. Results from equation 3 estimates of flux and ΔεNd from sites where 125	

either the pore water flux and the bottom water Nd concentration or the ΔεNd is 126	

published compared to sites in this study. The calculated component is in bold italics. 127	

 128	

Appendix Table 2.  Site descriptions and site locations (latitude and longitude are in 129	

decimal degrees). 130	

 131	

 132	
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