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column eluted completely during the elution time. Every twelfth sample 
was run in duplicate, and all other samples were run only once. 

2.3. Analysis 

Analyses were performed at the University of Alaska Fairbanks by 
inductively coupled plasma mass spectrometry (ICP-MS) using an 
Element 2 (Thermo-Finnigan) run at medium resolution. Table 2 shows 
figures of merit. The dilution method blanks consisted of 3.9 mL 2% 
HNO3 and 0.1 mL In spike (n 10), and the preconcentration method 
blanks were MQ water acidified in the same manner as the seawater 
samples (2 mL HCl/L) and run through the offline preconcentration 
system (n 7). The blank values were subtracted from samples. The 
limit of detection (LOD) for the various methods was determined from 
the standard deviation of the blanks (3 ), and the precision of each 
method was determined from the median of the relative standard de
viation (%) of the various replicate samples run during the analysis. 

To assess the accuracy of methods, certified reference materials 
CASS-6 (n 3) and NASS-7 (n 3) were analyzed. Only dMn values 
could be compared to certified values provided in Yang et al., 2018 
(Table 3) as dissolved Al values are not published for these materials. 
Based on the expected dMn concentrations CASS-6 was processed using 
the dilution method and NASS-7 was processed using the preconcen
tration method. The obtained dMn values (reported as mean 1 stan
dard deviation) were within the certified ranges. 

2.4. Residence time calculations 

Residence times for dAl and dMn in surface waters relative to the 
input from the Copper River were estimated for the shelf area in the 
vicinity of the Copper River outflow for individual seasons with suffi
cient surface dissolved metal data. (Table 4). Freshwater input was 
estimated using USGS Copper River discharge data, averaging the daily 
discharge means from the 3 days immediately before and during our 
occupation. Linear relationships between dAl or dMn and salinity 
(Fig. 16) were used to extrapolate to the zero-salinity endmembers for 
each season (Brown et al., 2010). Shelf dimensions of 50 km length and 
100 km width were chosen to encapsulate the shelf area between Hin
chinbrook and Kayak Islands, as well as a mixed layer depth of 10 m. To 
calculate dAl and dMn reservoirs the geometric means of surface water 
values between MID1-MID6, and values over the shelf from the plume 
study were used. 

3. Results 

3.1. Kodiak Island line (KOD) 

Surface temperatures on the KOD Line exhibited an increasing cross- 
shelf gradient during all occupations of the line (Fig. S1a). Weather 
prevented sampling past KOD7 (57.55 ⁰N) during fall 2019, and during 
summer 2019 trace metal sampling along this line was not completed 
due to time constraints. As expected, the lowest temperatures were 
sampled during spring, and at this time of year cross-shelf gradients 
were diminished. On average, warmer waters were sampled across the 

line during all seasons in 2019 (spring ~1.2 C; summer ~ 2.4 C; fall 
~0.1 C) relative to 2018. 

Surface salinity values were relatively elevated and showed little 
cross-shelf variability during spring, while cross-shelf salinity gradients 
were most pronounced during fall (Fig. S1b). Summer salinity values 
(~31.7 32.6) were more similar to those observed in spring 
(~32.2 32.6) than those in fall (~30.2 31.4). This suggests that 
diversion of ACC waters to the offshore side of Kodiak Island may be 
more common during fall than summer. This is unlike the Seward and 
MID Lines (Sections 3.2 and 3.3), which exhibited the low-salinity ACC 
signature year-round. 

Patterns in dAl and dMn distributions along the KOD Line were 
broadly similar, exhibiting clearer cross-shelf gradients in fall than in 
summer or spring. The highest dAl values on the KOD Line (as high as 
48.2 nM) were observed during fall 2018 at inshore stations, with values 
generally decreasing offshore (Fig. 3). Fall 2019 dAl values also tended 
to decrease from inshore to offshore, but values were lower (maximum 
28.3 nM) although salinity ranges were similar during both years. The 
lack of distinct cross-shelf patterns during summer and spring transects 
is consistent with the narrower range in salinity from KOD1 to KOD10 
(57.2 ⁰N) during those seasons. In spring 2019, dAl values were higher in 
the mid and outer shelf compared to the inner shelf and margin waters. 
The lowest dAl values were observed over the shelf during summer 
2019, and over the shelf dMn was also lowest during summer 2019 and 
highest in fall 2018. Offshore of KOD6, the temporal variabilities in dAl 
and dMn were minimal. Along the KOD Line dMn concentrations ranged 
from 0.9 nM offshore to a maximum of 14.4 nM inshore (fall 2018) 
(Fig. 3), while the range for dAl was broader, from values below our 
detection limit during summer 2019 to 48.2 nM (inshore fall 2018). 

Some degree of conservative mixing between fresher inshore water 
and saline waters was observed for dAl and dMn along the KOD Line 
(Fig. 4). The slope of the mixing line in fall 2018 was roughly twice as 
steep as that of fall 2019 for both metals. During summer and spring 
when freshwater influence was diminished along this line, the linear 
relationship between metal concentrations and salinity decreased. Other 
inputs and losses likely exerted a greater influence on the distribution of 
dAl and dMn during these seasons. Four linear regression lines in Fig. 4a 
and b are not statistically significant ( 0.05): dAl vs. salinity summer 
2018, and summer and fall 2019, and dMn vs. salinity summer 2019. 

3.2. Seward Line (GAK) 

Similar to the KOD Line, surface temperatures along the Seward Line 
showed clear differences between spring (cooler) and summer/fall. 
Water temperatures during spring and summer 2019 were higher on 
average than the same seasons in 2018 by 0.43 C and 3.76 C 

Table 2 
MQ blank values, system LODs, precision (mean RSD), and median RSD for both 
methods of sample processing. System LOD values are based on blanks and 
method precision are based on the median of the RSD for samples that were run 
in duplicate.   

Dilution method Preconcentration method 

Al Mn Al Mn 

Blanks (nM) 30.5 12.5 0.65 0.11 10.7 2.6 0.97 0.05 
System LOD (nM) (3 ) 37.6 0.33 7.8 0.15 
Method PrecisionRSD 13.5% 10.0% 23.8% 4.3%  

Table 3 
Dissolved Mn values obtained for CASS-6 and NASS-7 reference materials 
compared to the certified values (Yang et al., 2018).   

CASS-6 NASS-7 

Method Dilution Preconcentration 
dMn Average (nM) 38.21 0.55 13.90 0.63 
Accepted Range (nM) 39.68 2.18 13.47 1.09  

Table 4 
Residence times for dAl and dMn in surface waters over the shelf in the Northern 
Gulf of Alaska from ~144.4 ⁰W to ~146.4 ⁰W.   

dAl dMn 

Summer 2018 ~14 days ~23 days 
Summer 2019 ~5 days ~10 days 
Fall 2018 ~75 days ~88 days 
Fall 2019 ~30 days ~46 days 
Overall avg. 31 days 42 days  

A. Kandel and A. Aguilar-Islas                                                                                                                                                                                                               
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nM, salinity 32.29 nM) and dMn (0.4 nM, salinity 32.54) values deter
mined during this study were in offshore waters. These do not reflect the 
low trace metal oceanic endmember with salinity in the range of 32.6, 
as the detection limit of our pre-concentration method was higher than 
the low dAl value measured previously in the NGA (0.08 nM at salinity 
32.45 on the Seward Line) (Brown et al., 2010). 

Given that fresh water is the main source of both metals in this re
gion, a primary external factor affecting seasonal patterns in surface dAl 
and dMn is glacial melt. Glaciers encompass an area 72,000 km2 in the 
GOA watershed (Beamer et al., 2016) and peak melt season tends to 
occur in late summer/early autumn, during which period runoff has 
been shown to double compared to the rest of the year (Royer 1981; Hill 
et al., 2015; Beamer et al., 2016) as was the case during our study years 
(Fig. 5). While seasonal patterns in surface dAl and dMn in our study 
region were mainly a result of glacial melt cycles, seasonality in trace 
metal distributions in areas without glacial influence may look different. 
In a study of the Mississippi River, dMn was lowest during summer, 
increasing rapidly in late fall (Oct Nov) and then decreasing throughout 
spring (Shiller 1997). This pattern is thought to be due to reducing 
conditions within the river basin during winter that reduce Mn oxides to 
dMn. In northern San Francisco Bay, dissolved Mn was observed to 
decrease in winter and spring due to adsorption, likely onto both inor
ganic and biogenic particles, while in southern waters dMn was highest 
in winter and summer due to reductive dissolution in the sediments 
(Roitz et al., 2002). A study of temporal Mn (and Cd) variability in the 
Hudson River estuary found a third type of seasonality, in which dMn 
actually decreased with higher river flow (Yang and Sanudo-Wilhelmy 
1998). 

The influence of seasonal patterns of riverine input on surface trace 
metal distributions were clearest on the Seward and Middleton Lines 
that showed the lowest dAl and dMn concentrations in spring when 
glacial melt was minimal. The KOD Line, which is the least influenced by 
freshwater input of the three transects, also contained higher surface dAl 
and dMn values during the fall, but had comparable dAl and dMn values 
in spring 2019 and summer 2018 with the lowest values observed for 
both metals occurring in summer 2019. All three transects, however, 
generally had the highest metal concentrations in fall 2018. Interannual 
differences in Copper River discharge, as integrated outflow from May 
30 Sept 11 (the start date of the fall cruise both years) was comparable 
in 2018 and 2019 (6.88 1012 m3 vs. 6.60 1012 m3, respectively) 
(USGS). Given the advective nature of the GOA shelf system, a direct 
correlation between integrated river discharge values and surface dAl 
and dMn values at different locations along the ACC was not possible to 
determine. 

River discharge is likely not the only factor affecting interannual dAl 
and dMn fluctuations within a given season along ACC waters. Storms 
prior to sampling could break surface stratification and dilute dAl and 
dMn concentrations by mixing surface waters with subsurface waters 
(down to ~100 m in winter/spring or ~40 m in summer/fall) lower in 
dissolved metal values (Fig. 3). For example, the lower values (and 
shallower mixing lines) observed during fall 2019 compared to fall 2018 
(Figs. 3 and 4) could be explained by storm mixing events, given that the 
fall 2019 field season was heavily impacted by storms, while the fall 
2018 field season had calm conditions prior to and during sampling. 

Along the Seward Line, inner shelf (within the ACC) metal concen
trations were highest in fall in both years followed by summer (Fig. 3c 
and d), whereas along the MID Line inshore values for both metals were 
within the same range during summer and fall occupations (Fig. 3e and 
f). This suggests that for inshore MID Line waters, which are in close 
proximity to the Copper River outflow, daily river discharge influences 
the concentration of dAl and dMn within fresh river plumes near the 
outflow. In contrast, on the Seward Line, high dAl and dMn values 
sampled within the ACC better reflect integrated freshwater discharge 
(including outflow from Prince William Sound). This difference in sea
sonal patterns between the two transects reflects the particle reactive 
nature of both dAl and dMn, leading to overall loss of both metals as 

surface waters mix and age along the coast from the inshore MID Line to 
the inshore Seward Line. 

Plots of dMn as a function of dAl (Fig. 14) highlight the tight cor
relation between these two metals within the Copper River plume, and 
more broadly in surface fresh waters of the inner shelf. This correlation 
became much less robust in regions least impacted by freshwater input. 
On the KOD Line the lack of correlation (p 0.1) between dAl and dMn 
during spring and summer suggests that at these times processes other 
than freshwater input determined surface dAl and dMn distributions. 
Similarly, along the Seward Line, there was low correlation (R2 of 0.215) 
between dMn and dAl during spring, when the Seward Line was least 
impacted by freshwater. At a significance level of 0.05 this rela
tionship was still statistically significant, although this p-value (0.0016) 
was the highest observed on the Seward Line by 2 orders of magnitude. 
In general, decoupling between the surface dMn and dAl concentrations 
could serve to pinpoint regions over the shelf where processes other than 
river input may be impacting surface waters at a given time. Differences 
in slope, both between the three cruise lines and between different 
seasons on each line, also indicate controls on dAl and dMn distributions 
by other processes. For example, on the MID Line, slopes were steeper in 
spring 2019 than both summer occupations (Fig. 14c) suggesting 
increased removal of dAl, increased input of dMn in summer, or perhaps 
some combination of these processes. Higher dMn relative to dAl in 
spring vs. summer was apparent throughout the water column in inshore 
waters based on the vertical profiles obtained at MID2, as the dMn/dAl 
slope was ~10x higher in spring 2018 than in summer 2019 (data not 
shown). Potential mechanisms for dMn input throughout the water 
column include photoreduction of particulate Mn (Sunda and Huntsman 
1988) in surface waters or Mn respiration in sediments (Froelich et al., 
1979). Winter mixing could carry either signal throughout the water 
column. Intense particle scavenging, which disproportionately affects 
dAl (Bruland and Lohan 2003) could also contribute to the observed 
dMn/dAl ratios. 

4.2. Influence of bathymetry on dAl and dMn 

Bathymetric features of the NGA shelf are highly irregular, and our 
study area is characterized by a series of banks and troughs (Gibson 
1960; Zimmermann and Prescott 2015) that are unevenly distributed 
and contribute to the complexity of the NGA environment. The KOD Line 
crosses the northeast side of North Albatross Bank, which is separated 
from Portlock Bank by the Stevenson Trough. The MID Line is also 
positioned across a large bank (Tar Bank) and the shoals surrounding 
Middleton Island before making a turn southeast across the slope. The 
plume study in summer 2019 also covered part of Kayak Trough and 
shallow regions near the Copper River outflow. The Seward Line ba
thymetry is yet more complex, crossing a relict moraine on its trajectory 
towards Amatuli Trough before reaching the slope. 

Higher chlorophyll values relative to surrounding waters have been 
observed over shallow banks such as Albatross Bank due to enhanced 
vertical mixing that brings macronutrients from subsurface waters up to 
the surface (Cheng et al., 2012). Vertical mixing over the shallowest 
region of the bank could also provide elevated trace metals to surface 
waters. This process can help explain the enhanced values of dMn 
(Fig. 15) that we observed over the section of the KOD Line that crosses 
North Albatross Bank, which were more pronounced in spring 2019. 
Dissolved Al over the bank exhibited some elevated values, but the 
pattern was less distinct (data not shown). During spring 2019 dMn was 
almost twice as elevated over Albatross Bank (maximum of 6.9 nM) 
compared to its concentration in the furthest inshore sample (3.6 nM). In 
general, hydrographic sections for the KOD Line (Fig. S4) indicate less 
stratification throughout the water column over Albatross Bank in 
spring compared to fall, which suggests that the signal of subsurface 
metals from winter mixing is still influencing surface waters. This is 
supported by the vertical profiles of dMn at Station KOD5 (Fig. 8). 

It is reasonable that the enhancement in concentration in the 
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