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1. Introduction
Located in the subarctic eastern Pacific, the Gulf of Alaska (GoA) is a high-nutrient, low-chlorophyll (HNLC) 
area where phytoplankton biomass is consistently low (Childers et al., 2005). Especially beyond the continental 
shelf break, coastal surface waters of the GoA are largely iron-limited (Boyd et al., 2007). As low bioavailabil-
ity of the micronutrient iron critically limits the occurrence of primary producers (Martin, 1990), present-day 
increases in the iron supply mostly led to enhanced productivity in surface waters and carbon export to the sea-
floor of the GoA (Childers et al., 2005; Coyle et al., 2019; Strom et al., 2006, 2016). Iron fertilization is widely 
acknowledged to enhance primary productivity in high northern (Strom et al., 2006, 2016) and southern (Blain 
et al., 2007; Duprat et al., 2016) latitudes. Glaciers play a globally significant role as a source of iron to the marine 
surface waters (Hopwood et al., 2015). While marine sediment records show higher paleoproduction during gla-
cials that are correlated with enhanced iron inputs in high southern latitudes (e.g., Martínez-García et al., 2011), 
paleoceanographic records supporting links between productivity and glacier dust and/or iceberg discharge-me-
diated iron fertilization in the north-eastern Pacific Ocean are still scarce (Müller et al., 2018).

Paleoclimate reconstructions based on sediments deposited beneath waters close to the Alaskan margin have 
mainly focused on the physical and biological changes throughout the last deglaciation and the Holocene (Ad-
dison et al., 2012; Barron et al., 2009; Davies et al., 2011; Praetorius et al., 2018). However, it is still unclear 
how marine productivity and sea-surface conditions of GoA coastal waters responded to pulses of meltwater and 
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environmental conditions over the past 18 ka. Based on micropaleontological, biogeochemical, and 
sedimentological parameters, we explore a sediment record covering the past 54 ka at Integrated Ocean Drilling 
Program Site U1419 to understand the impact of orbital- and suborbital-scale climate variability on productivity 
and sea-surface conditions. Close to the Cordilleran Ice Sheet (CIS), Site U1419 is ideally located to elucidate 
how the evolution of a large ice mass and glacial processes affected orbital- and suborbital-scale changes in 
nutrients (e.g., iron) supply. Meltwater discharge from the northern CIS impacted sea surface dynamics of GoA 
coastal waters. The corresponding increases in bulk biogenic concentrations during Marine Isotope Stage (MIS) 
3 and MIS 2 (54–17 ka) suggests a direct impact from iron fertilization. The lack of a consistent relationship 
between productivity and SST suggests that cooling of surface waters was not the dominant control on primary 
producers. The inundation of the subaerially exposed continental shelf during the last deglacial (17–10 ka) 
warming could have served as a major micronutrient source, accounting for a deglacial peak in production. Low 
productivity after the last deglaciation suggests reduced iron availability, which we link to reduced meltwater 
inputs from smaller ice masses onshore. Our multiproxy approach reveals a more comprehensive picture of 
late Quaternary productivity variations compared to earlier studies along the Alaskan margin. The impact of 
tidewater glaciers and meltwater discharge on past marine productivity and nutrient budget dynamics of high-
latitude coastal regions is discussed.
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iceberg discharge during Marine Isotope Stages (MIS) 2 and 3, when the Cordilleran Ice Sheet (CIS) was larger 
than present (Seguinot et al., 2016). Since primary producers which occur in surface waters of the GoA north 
of 57°N are largely influenced by iron limitation (Boyd et al., 2007; Martin, 1990; Strom et al., 2006, 2016), 
understanding the delivery and impact of micronutrients in past geological times can be helpful in interpreting 
future trends of phytoplankton growth in response to global change. A remarkable recent discovery is that millen-
nial-scale episodes of reorganized Pacific Ocean ventilation at Site U1419 occurred in phase with large deliveries 
of CIS ice-rafted debris (IRD) during the past 42 ka, indicating a close linkage between ice and ocean dynamics 
(Walczak et al., 2020). These intervals of increased IRD accumulation, termed Siku Events (SE), precede North 
Atlantic Heinrich Events (HE) by ∼1,300 years (Walczak et al., 2020). Since meltwater delivers iron to the GoA 
(Childers et al., 2005; Crusius et al., 2011, 2017), these episodic iceberg discharges along the northern Alaskan 
margin might have also impacted the past nutrient availability of surface waters overlying Site U1419.

Relative to many other areas of the subarctic Pacific Ocean, the northern GoA remains under-studied (Crusius 
et al., 2017). This limits our understanding of the important processes controlling (paleo)productivity variations 
in the high-latitude Pacific such as the impact of iceberg discharge and the potential importance of bioavailable 
iron delivery to this HNLC area. This study presents a high-resolution paleorecord of primary productivity and 
sea-surface temperatures (SST) for the past 54 ka at Integrated Ocean Drilling Program (IODP) Site U1419 (ca. 
59°N, 145°W, Figure  1). We combine independent biogenic parameters indicative of variations of (a) ocean 
productivity (coccolithophorids, diatoms, bulk biogenic components), (b) sea-ice cover (IP25, C37:4, diatoms), and 
(c) alkenone-based (𝐴𝐴 UK′

37 -) SST, and compare these to the Site U1419 IRD record (Walczak et al., 2020). Our 
findings describe glacial-interglacial and millennial-scale changes in productivity as well as potential sources 
of nutrient inputs, offering new evidence which help interpret the drivers of environmental change in the GoA 
during the last 54 ka.

2. Study Area
2.1. Atmospheric and Hydrographic Settings, and Ice Dynamics

Surface waters overlying Site U1419 are iron-poor, nitrate-rich, and have low chlorophyll concentrations. Two 
nutrient regimes are known in the GoA: a HNLC region in the center of the Alaska Gyre, offshore of the Alaskan 
coast; and a low nutrient, high chlorophyll regime which is associated with the Alaska Coastal Current (ACC) 
(Childers et al., 2005). These regimes are characterized by specific oceanographic conditions. Advection of deep 
eutrophic waters to the surface ocean coupled with micronutrient availability (i.e., iron) from land is typical of 
the HNLC region, while the low-nutrient, high chlorophyll region relies on the advection of deep, nutrient-rich 
waters to supply macronutrients (i.e., nitrate) (Childers et al., 2005; Stabeno et al., 2004).

An annual cycle of nutrient drawdown and replenishment occurs in the euphotic zone of waters overlying Site 
U1419, in response to the local ocean circulation. Wind-induced downwelling and easterly coastal winds cause a 
well-mixed water column in winter (Childers et al., 2005). Phytoplankton blooms are associated with the onset of 
annual stratification in spring/summer, when increased light availability favors high productivity (Henson, 2007). 
An autumnal peak in chlorophyll concentrations is observed with the initial weakening of stratification (Hen-
son, 2007). Although freshwater input associated with glacier meltwaters causes stratification of the upper water 
column (Stabeno et al., 2004), it also fertilizes the ocean surface (Crusius et al., 2017). Presently, mostly land-de-
rived rainfall water is transported along the southwest Alaskan coast through the ACC (Kipphut, 1990).

The circulation in the GoA is dominated by a two-current system: the subarctic gyre in the ocean basin, including 
the Alaska Current (AC), and the ACC on the continental shelf (Figure 1; Stabeno et al., 2004). The ACC flows 
northwards along the Alaskan continental shelf, forced by alongshore winds, and it is fueled with large fresh-
water runoff by glacier and river discharge (Crusius et al., 2017; Stabeno et al., 2004). The AC is sourced from 
warm mid-latitude currents of the North Pacific flowing eastwards, termed the North Pacific Current (Stabeno 
et al., 2004). The AC turns south-westward at the northern border of the GoA and forms the beginning of the 
Alaskan Stream (Freeland, 2006; Stabeno et al., 2004). The flow of water masses in the study area is further com-
plicated by small, transient eddies frequenting the GoA shelf, which combine with large, long-lasting eddies that 
travel along the continental slope for 2–3 years (Crawford et al., 2007). These eddies may also influence transport 
and mixing of nutrients to the euphotic zone of the GoA.
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Iron sources to the euphotic zone in the GoA are: atmospheric dust, glacier flour (fine ground dust containing Fe) 
derived from meltwater and iceberg rafting (Müller et al., 2018), shallow shelf sediments (Crusius et al., 2011), 
hydrothermal inputs (Boyd & Ellwood, 2010) and eddies (Crusius et al., 2017). An immediate response of phy-
toplankton to iron fertilization (Boyd et al., 2007) is indicated by a twofold increase in the particulate organic 
matter C:N ratio when iron is available (Martin, 1990). In coastal GoA waters, delivery of bioavailable iron has 
four main sources: (a) glacier flour transported by rivers (Crusius et al., 2011), (b) dust from exposed glacial 
sediments and river mouths during the fall (such as the Copper River, Crusius et al., 2011), (c) sea level rise and 
associated flooding (Davies et al., 2011), and (d) sediments stored on the shelf and slope (Praetorius et al., 2015). 
Glacial meltwater dominates delivery of dissolved iron to the coastal GoA (Schroth et al., 2009). For the purpose 
of this paper and according to Crusius et al. (2017), the terms “meltwater,” “glacial meltwater,” and “freshwater” 
are considered synonymous and primarily reflect discharge from rivers which has originated from glacier melt.

Freshwater discharge into the coastal GoA strongly varies on seasonal and interannual timescales (Wang 
et al., 2004). From November to April, winter precipitation is mainly stored as snow, and freshwater discharge 
is reduced to a minimum. Freshwater discharge rises sharply from May due to (a) increasing precipitation and 
(b) above-freezing temperatures. Summer discharge remains high until September because of melting snow and 
some glacier melt. River discharge decreases rapidly in October, and reaches a basic flow in December as tem-
peratures drop below 0°C (Wang et al., 2004).

3. Materials and Methods
3.1. Site U1419

In May–July 2013, IODP Expedition 341 drilled a transect of sites (U1417-U1421) in the GoA, across the 
Surveyor Fan to the continental shelf offshore of the St. Elias Mountains. The main objective of Expedition 
341 was to investigate a glacially eroded sedimentary record during a cooling climate (Miocene through to 
Pleistocene) with increasing intensity of glaciations (Jaeger, Gulick, & LeVay, 2014). Site U1419 is located at 
59°31.93′N–144°8.03′W and was drilled to 193.72 m CCSF-B (meters core composite depth below sea floor, 
method B; Jaeger, Gulick, LeVay, et al., 2014) at 698 m water depth on the northern Alaskan continental slope. 
Here, we focus on the uppermost 47 m (2–54 ka) of the cored sequence, where high recovery (>87%, Jaeger, 

Figure 1. Map showing the study area in the high latitude north-eastern Pacific Ocean. Location of IODP Site U1419 
(yellow dot, 59°31.9′N, 144°8.0′W; 698 m depth; Expedition 341, Jaeger, Gulick, & LeVay, 2014) and EW0408-85JC (white 
dot; Addison et al., 2012; Barron et al., 2009; Davies et al., 2011; Praetorius et al., 2018). AC: Alaska Current; ACC: Alaska 
Coastal Current.
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Gulick, & LeVay,  2014) allows development of a high-resolution reconstruction of primary production and 
sea-surface conditions constrained by foraminiferal radiocarbon dates (Walczak et al., 2020).

3.2. Age Model and Sedimentation Rates

The detailed chronology for Site U1419 between the present and ∼54 ka is based on 250 radiocarbon dates on 
pairs of benthic-planktic foraminifera spanning the past ∼50 ka and 28 paired measurements from <18 ka in the 
co-located core EW0408-85JC (Walczak et al., 2020). The incorporation of radiocarbon data from EW0408-85JC 
onto the U1419 depth scale increases the resolution of dates available for the age model in the Holocene and the 
Last Glacial Maximum. While the age model remains well constrained before 42 ka, the analytical uncertain-
ty of both benthic and planktic foraminiferal dates preclude meaningful interpretation of benthic-planktic age 
differences (Walczak et al., 2020). The Bayesian age model for U1419 sediments was generated using BChron 
software, which evaluated all available foraminiferal dates and calibrated using the Marine13 calibration curve 
back to c. 47 ka (Reimer et al., 2013). Radiocarbon measurements on benthic and planktic foraminifera back to 
47 ka were calibrated using the IntCal13 curve (Reimer et al., 2013). A constant benthic reservoir correction 
(R) of 1200 ± 600 years was used (Walczak et al., 2020), whereas a variable planktic reservoir correction (R) 
(average 370 ± 350 years) reflected modeled circulation changes and the measured benthic—planktic differences 
in the core. The age model has an average 1σ-uncertainty of 210 cal. year. For the interval 47–54 ka, Walczak 
et al. (2020) introduced an ad-hoc correction to their calendar ages by adding 1200 years to the original calibrated 
date. Ages for the interval 47–54 ka therefore have additional inaccuracies, particularly when interpreting data 
at the suborbital scale, and limits the interpretation of our results whenever suborbital scale events occurred in 
this interval.

The Mass Accumulation Rates (MARs) calculated in this study (Figures 2 and Supporting Information S1) use 
the 50th percentile values of Walczak et al.  (2020). This avoids interpretive artifacts associated with varying 
sample resolution. All data presented here refer to the calibrated ages.

3.3. Bulk Sediment Components

Biogenic silica (bSi, opal) was measured using a sequential leaching technique in the Marum Opallab (University 
of Bremen, Bremen, Germany) (Müller & Schneider, 1993). The precision of the sequential leaching technique 
is better than 0.5% (Müller & Schneider, 1993). The resolution of bSi measurements (at least every 40 cm) is 
lower than the diatom counts (every 10–40 cm). This is because the diatom values are at/close to zero in many 
Site U1419 samples, thus making the bSi content almost undetectable (Müller & Schneider, 1993). The pre-
cision of the overall method based on replicate analyses is mostly between ±0.2% and ± 0.4%, depending on 
the composition of the material analyzed. For standard deviations of bSi measurements we refer to Müller and 
Schneider (1993).

The total organic carbon content (wt. % TOC) was determined by means of a Vario MAX C elemental analyzer 
after decalcification with 1.3 N hydrochloric acid. Inorganic carbon (% carbonate) was measured using cou-
lometry at the Department of Geological Sciences, University of Florida (Gainesville, Florida, USA) and at the 
International Ocean Discovery Program, Texas AandM University (College Station, Texas, USA). In total, 284 
samples were dried in an oven at 50°C, ground with a mortar and pestle, weighed on a microbalance, and digested 
using 2 N HCl. The coulometer measures the micrograms C released from the digestion of the sample. Carbonate 
is then calculated as CaCO3 = μg C * 8.333/sample mass (μg). Replicate measurements indicate an error of up 
to 0.19% carbonate.

3.4. Alkenone and IP25 Analysis and SST Estimations

Alkenones were extracted from 1 to 2 g freeze-dried and homogenized sediments which had been sampled every 
50 cm on average (but as low as every 2 cm), following Kim et al. (2002). Alkenones were analyzed by capil-
lary gas chromatography: a gas chromatograph (HP 5890A) was equipped with a 60 m column (JandW DB1, 
0.32 mm × 0.25 μm), a split injector (1:10 split modus), and a flame ionization detector (GC-FID). Quantification 
of the individual C37 alkenone concentrations (C37:2, C37:2, and C37:4) was achieved using nonadecanone as an 
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internal standard. Although C37:4 has been used as an indicator of freshwater inputs to marine environments (e.g., 
Sánchez-Montes et al., 2020), recently it has been suggested that there is a potential sea-ice contribution to C37:4 
(Wang et al., 2021). To account for this potentially different source to the alkenone concentrations, we present 
concentrations of C37:3 + C37:2 separate from C37:4, although the overall patterns remain the same. The relative 
abundance of C37:4 is expressed as a percentage of the total C37 alkenones (%C37:4) (Rosell-Melé et al., 2002).

To determine SSTs using the alkenone unsaturation index 𝐴𝐴 UK′
37 , alkenones were analyzed by gas chromatography 

with chemical ionization mass spectrometry (GC-CIMS), following the instrument method described in detail by 
Sánchez-Montes et al. (2020). The 𝐴𝐴 UK

37
′ index is calculated from the relative abundances of the di- and tri-unsatu-

rated C37 methyl alkenones as defined by Prahl and Wakeham (1987):

UK′
37 =

(C37∶2)
(C37∶2 + C37∶3)

 

The 𝐴𝐴 UK′
37 values were converted into SSTs by applying the core-top compilation of Müller et  al. (1998; 

𝐴𝐴 UK
37

′  = 0.033*T + 0.044), which aligns closely with a culture calibration (Prahl et al., 1988; 𝐴𝐴 UK′
37  = 0.034*T + 0.039). 

Although alternative high-latitude SST calibrations are also available (Supporting  Information  S1) the same 
trends are recorded regardless of calibration. Using multiple extractions and analyses of a sediment sample used 
as a laboratory internal reference from the South Atlantic, the precision of the measurements (±1σ) was calculat-
ed to be better than 0.003 𝐴𝐴 UK′

37 units (or 0.1°C) (Sánchez-Montes et al., 2020).

To also obtain information on past sea-ice conditions at Site U1419, additional samples were studied for the 
sea-ice diatom-derived monounsaturated highly branched isoprenoid IP25 (Belt et al., 2007). After adding 7-hex-
ylnonadecane as internal standard, up to 6 g of sediment were extracted using an Accelerated Solvent Extrac-
tor (DIONEX, ASE 200; 100°C, 5 min, 1000 psi) with dichloromethane:methanol (2:1 v/v), and purified via 
open-column silica chromatography (n-hexane). Identification and quantification of IP25 was achieved via cou-
pled gas chromatography-mass spectrometry analyses following Müller et al. (2012).

3.5. Diatom Analyses

After freeze-drying of sediments, samples were prepared following the acid-based method by Schrader and Ger-
sonde (1978). Counts of identified species were carried out on permanent slides (Mountex® mounting medium). 
Several traverses across each slide were systematically tracked to obtain a representative count of valves (between 
300 and 450 valves per slide). For the analysis of 251 samples, we use a Zeiss®Axioscop with interference illumi-
nation (Marum, University of Bremen). The counting of two replicate slides at ×1000 magnification indicates an 
analytical error of ≤10.0%. The census procedure and the definition of counting units followed standard methods 
(Schrader & Gersonde, 1978).

The resulting counts yielded relative abundance (%) of individual diatom taxa (determined as the fraction of the 
diatom species vs. the total diatom concentration in a particular sample) as well as concentration of valves per g−2 
(total diatom concentration), calculated as follows:

total diatom concentration = [N] × [𝐴𝐴∕𝑎𝑎] × [1∕𝑊𝑊 ] × [𝑉𝑉 ∕𝑉𝑉 ] 

where, [N] number of valves in an known area [a], as a fraction of the total area of a petri dish [A], the sample 
weight [W] in g, and the final sample volume (V) and sample volume used for the permanent slide (v) (Sancetta 
& Calvert, 1988).

3.6. Coccolithophore Abundance

Coccolithophore qualitative abundances range from barren to common (Jaeger, Gulick, & LeVay, 2014). Because 
of the wide range of abundances observed, we used a semi-quantitative methodology to capture the relative 
concentrations of coccolithophores in each sample. Strewn smear slides were made for 184 samples at ∼40 cm 
resolution. Glass cover slips were adhered to the microscope slides using Norland Optical Adhesive No. 61. Total 
number of coccoliths per field of view (FOV) were recorded for 50 FOV per slide using a Zeiss®Axioscop A.1 
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at 1,000× magnification. Abundance was recorded as the average number of coccoliths per FOV. While this 
method does not provide an accurate quantification of flux, it does reflect the relative shifts in high versus low 
coccolithophore content like qualitative scales (e.g., Bottini & Erba, 2018; Guballa & Peleo-Alampay, 2020). The 
trends in coccolith FOV abundances follow the % carbonate curve, providing evidence that this method reflects 
the relative accumulation of coccoliths in sediments.

Figure 2. Concentration (lines) and mass accumulation rate (bars) and of bulk biogenic components at IODP Site U1419 for 
the past 54 ka. (a) bSi (wt.%, blue line, and MAR, g/cm2/ka, bars); (b) CaCO3 (%, magenta line, and MAR, g/cm2/ka, bars); 
(c) total organic carbon (TOC; %, green line, and MAR, g cm2 ka−1, bars), and (d) total MAR (black line) and ice-rafted 
debris (IRD) MAR (gray line) (g cm2 ka−1) from Walczak et al. (2020). After Walczak et al. (2020), MAR is evaluated over 
constant timestep bins of 500 years to avoid interpretive artifacts associated with varying sample resolution. Light blue bars 
denote Siku Events (SE) 1–4 where IRD MAR exceeds 12 g cm2 ka−1 (dashed line; Walczak et al., 2020). MIS: Marine 
Isotope Stages.
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4. Results
4.1. Bulk Sediment Components

On average, bSi dominated the biogenic fraction of sediments at Site U1419 for the past 54 ka (Figure 2c). The 
contribution of bSi ranged between 0.1 and 39.8wt.% (average = 4.2 ± 7.3). The contribution of CaCO3 was 
0.6%–9.3% (average = 2.3 ±0 .9), and of TOC was 0.1%–1.4% (average = 0.4 ± 0.2).

Except for a few short intervals, values of bSi remained mostly below 5 wt.% (Figure 2b). The highest concentra-
tions (14.0–39.0wt.%) were reached between 46.4 and 36.7 ka. The CaCO3 concentration was higher between late 
MIS 3 and early MIS 1. Highest maxima of CaCO3 (>5%) occurred at 24.08 ka (9.3%), 34.73 ka (5.3%), 37.85–
38.27 ka (5.6–7.3), and 51.66 ka (6.9%). TOC values remained below 0.9% prior to 14.5 ka, increased abruptly 
at 14.3 ka and reached a maximum of 1.4% at 11.30 ka. From 9.80 ka to the present, TOC values decreased to 
less than 0.8% (Figure 2b). The concentrations of TOC and bSi showed subtle increases associated with SE 1–4.

Mass Accumulation Rate (MAR) of the measured bulk sedimentary components closely follow the overall 
pattern of total and ice-rafted debris (IRD) MAR (Figure 2). bSi MAR ranged 0.1–130.9 g cm−2 ka−1 (aver-
age = 14.3 ± 23.8); CaCO3 MAR ranged 0.3–40.9 g cm−2 ka−1 (average = 8.9 ± 9.1), and the TOC MAR range is 
0.01–4.1 g cm−2 ka−1 (average = 1.2 ± 1.3). Peaks of CaCO3 and TOC MAR better matched the temporal pattern 
of total MAR than bSi MAR. Carbonate and TOC MARs peaked during SEs (SE) 1–4. The highest MAR for 
carbonate occurred during SE1 (40.9 g cm−2 ka−1) (Figure 2b). TOC MAR peaked during SE1 (4.0 g cm−2 ka−1) 
and SE3 (3.4 g cm−2 ka−1) (Figure 2c). Exceptions to this pattern is a CaCO3 MAR peak at c. 24.5 ka (Heinrich 
stadial 2, 26.1 g/cm2/ka). Additionally, peaks in both carbon species MAR are observed from 21 to 22 ka and ∼34 
ka. MAR TOC had an additional maximum between ∼42.5 and 43.5 ka (1.8 g cm−2 ka−1). The highest bSi MAR 
(130.1 g cm−2 ka−1) occurred at c. 41 ka (SE4, Figure 2c). Two earlier moderate bSi MAR peaks are at c. 46 and 
44 ka. The increase in bulk biogenic MAR during the SEs may reflect enhanced preservation due to increased 
burial rates or the addition of terrestrially derived components. The different temporal patterns between MAR 
and concentration of bulk sediment components (Figure 2) suggest that these biogenic maxima were impacted by 
enhanced burial efficiency (promoting organic matter and silica preservation; Hartnett et al., 1998; Ragueneau 
et al., 2000) caused by high sediment accumulation and/or the meltwater-related discharges from the CIS along 
the northern Alaska margin (Cowan et al., 2020).

4.2. Coccolithophorid Components and Alkenone Concentration

Coccolith relative abundance ranged from barren (0 coccoliths/FOV) to 332 coccoliths/FOV with an average of 
67.53 coccoliths/FOV. The highest abundances occurred at. 51.66 ka (366 coccoliths/FOV), at 42.87 ka (305 
coccoliths/FOV) and ∼14.5 ka (332 coccoliths/FOV) (Figure 3a). Maxima in coccolith abundances roughly cor-
responded to SEs (except SE3) and high % carbonate intervals, however, there were exceptions to this trend.

The coccolithophore assemblage was dominated by Coccolithus pelagicus and Geophyrocapsa muellerae, both 
of which were found in high latitudes during the Quaternary (McIntyre & Be, 1967; Winter et al., 1994; Ziveri 
et al., 2004).

The C37:2 + C37:3 alkenone concentrations ranged from 0.01 to 2.88 μg g−1 (Figure 3d). Maximum concentrations 
were recorded c. 47.5 ka (2.88 μg g−1) and at 10.1–10.6 ka (1.94–1.34 μg g−1), the latter peak marking a period 
of elevated alkenone concentrations during the deglaciation (c. 9–11 ka). Overall, the lowest concentrations were 
recorded between 45.5 and 15 ka (<0.27 μg g−1). There was no clear relationship between alkenone concentration 
and SEs.

4.3. Diatoms

4.3.1. Concentration

The total diatom concentration varied strongly throughout the past 54 ka (range 0–8.3*106 valves gr−1, aver-
age = 2.5*105 valves gr−1±9.8*105). The occurrence of diatoms was limited to a few intervals (Figure 3b). The 
highest concentration range (5.5–8.3*106 valves g−1) was reached between 45.78 and 46.43 ka. A second highest 
maximum (5.7 * 106 valves g−1) occurred around 36.84 ka.
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4.3.2. Composition and Temporal Variation of Diatom Groups

Despite the sporadic occurrence of diatoms in Site U1419 sediments, the preserved diatom assemblage was 
diverse: up to 100 species occurred (Table S1 in Supporting Information S1). To better constrain the temporal 
occurrence of taxa, the 29 most abundant diatoms (averagely >0.75% of the entire record) were distributed in six 
groups. According to their ecology, groups represent the following environmental conditions/habitats: (a) sea-ice 
related, (b) benthic, (c) coastal cold waters, (d) high productivity water, (e) pelagic cold water and (f) pelagic, 
temperate water diatoms. The species-specific composition of groups in given in Table S1.

1.  The most abundant sea-ice related diatoms at Site U1419 were spores and vegetative cells of Thalassiosira 
antarctica, Bacterosira spp., Fragilariopsis cylindrus and Porosira glacialis (Barron et al., 2009; Hasle & 
Syvertsen, 1996; Müller et al., 2018; Ren et al., 2014; Sancetta, 1981)

2.  Paralia sulcata dominated the benthic group. Paralia sulcata is a common component of the benthic and 
tycoplanktic communities, thriving in shelf and uppermost slope waters along temperate to cool seas (Round 

Figure 3. The productivity signal—Concentration of coccoliths and diatoms, reconstructed sea-surface temperature, and 
C37:2 + C37:3 and the total mass accumulation rate at IODP Site U1419 for the past 54 ka. (a) Coccoliths (average per field of 
view—FoV), (b) total diatom concentration (valves g−2, red line), (c) 𝐴𝐴 UK′

37 -based sea-surface temperature (SST, °C, blue line; 
calibrated using Müller et al., 1998), (d) C37:2 + C37:3 (μg g−1), and (e) total MAR (g/cm2/ka; from Walczak et al., 2020). The 
total MAR is evaluated over constant timestep bins of 500 years to avoid interpretive artifacts associated with varying sample 
resolution. Light blue bars denote Siku Events (SE) 1–4 where IRD MAR exceeds 12 g cm2 ka (Walczak et al., 2020). MIS: 
Marine Isotope Stages.
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et al., 1990). Secondary contributors to the benthic group were Actinoptychus senarius, Actinoptychus vulgar-
is, several species of Cocconeis and Gomphonema, Delphineis kippae, Grammatophora marina

3.  Diatoms typically thriving in cold coastal waters, are today associated with low SST in oligo-to-mesotrophic 
waters with moderate to high dissolved silica levels, and became more abundant during intervals of weak 
turbulence (Crosta et al., 2012; Hasle & Syvertsen, 1996; Romero & Armand, 2010; Sancetta, 1981). Main 
components of this group were well-silicified Shionodiscus trifulta, Shionodiscus oestrupii var. venrickae, 
Coscinodiscus oculus-iridis, Coscinodiscus argus, Cyclotella litoralis, Actinocyclus octonarius, and Thalas-
siosira gravida

4.  Several species of Chaetoceros resting spores (RS) and Thalassionema nitzschioides var. nitzschioides com-
posed the high-productive coastal water group. Today, vegetative cells of numerous Chaetoceros species rap-
idly respond to the decay of upwelling intensity and nutrient depletion by forming endogenous resting spores 
(Hasle & Syvertsen, 1996). Spores of Chaetoceros and T. nitzschioides var. nitzschioides are common compo-
nents of the upwelling assemblage in low- and high-latitude coastal areas (Nave et al., 2001; Ren et al., 2014; 
Romero & Armand, 2010; Romero et al., 2021)

5.  Diatoms occurring in pelagic cold waters, which today mainly respond to low-to-moderate dissolved silica 
content in hemi-to-pelagial waters of moderate to low SST (Barron et al., 2009; Hasle & Syvertsen, 1996; Ren 
et al., 2014; Sancetta, 1981). Neodenticula seminae and Thalassiosira nordenskioldii contributed the most to 
this group at Site U1419

6.  The assemblage typical of pelagic temperate waters was composed of taxa, which today thrive in open-ocean 
temperate waters, with low to moderate levels of dissolved silica levels and weak mixing (Crosta et al., 2012; 
Nave et al., 2001; Ren et al., 2014; Romero et al., 2005, 2021). At Site U1419, this group was dominated by 
Roperia tesselata and Stephanopyxis spp

The average of each group contributed as follows: (a) sea-ice related = 10.93 𝐴𝐴 ± 9.88%, (b) benthic = 8.99 𝐴𝐴 ± 
12.99%, (c) cold coastal waters = 14.26 𝐴𝐴 ± 13.78%, (d) high coastal productive waters = 39.51 𝐴𝐴 ± 21.88%, (e) 
pelagic cold waters = 11.06 𝐴𝐴 ± 13.82%, and (f) pelagic temperate waters = 3.10 𝐴𝐴 ± 5.12% (sum of the averag-
es = 87.85%). Due to the low occurrence of valves in several samples, we present data of the relative contribution 
(%) of each group only for a minor number of counted samples. The six diatom groups showed a clear temporal 
pattern (Figure 4). Diatoms typical of highly productive coastal waters were the main contributors to the highest 
maxima of diatom concentration/MAR, mainly between 54 and 29 ka (early–late MIS 3) (Figure 4). A shift in the 
composition of the community occurred after 29 ka onto younger times (roughly the MIS 3/2 boundary). Coastal 
cold water and sea-ice related diatoms were dominant between 29 and 17 ka (beginning of the deglaciation). The 
last deglacial showed a diverse diatom assemblage, without a particular group being dominant. Diatoms typical 
of pelagic cold waters dominated during the Holocene (10–2 ka).

4.4. SST

𝐴𝐴 UK′
37 -based SSTs ranged from ∼3°C to 13°C (Figure 3c). Since modern surface sediments in the GoA suggest a 

summer bias to the 𝐴𝐴 UK′
37 proxy (Méheust et al., 2013; Prahl et al., 2010; Tierney & Tingley, 2018), we interpreted 

these data to reflect summer SSTs. We expect that, as today (Stabeno et al., 2004), there is a balance between 
increased inputs of glacial meltwater that are likely to reduce summer SSTs, and summer surface ocean warming 
which may be further enhanced by stratification. We reduce the influence of the potential meltwater/sea-ice sig-
nal by calculating SSTs using 𝐴𝐴 UK′

37 , which excludes the C37:4 alkenone. Our resulting SSTs thus reconstruct SSTs 
as reflecting the temperatures in which the coccolithophores were growing, which may have been influenced by 
several processes (discussed in Section 5.1).

Overall, SSTs remained low (∼6°C) over the glacial period (MIS3 and MIS2). There is no uniform SST signal for 
the SE: SE4 is accompanied by a cooling then warming, SE3 is at a SST peak, and both SE2 and SE1 start with 
a SST peak, rapid cooling, and then warming. There were also minor millennial scale variations in SST which 
do not align with SE throughout the glacial stage, so that SE are not easily distinguished from the SST record. 
A more significant warming occurred during the deglaciation from 16 to 11.3 ka. SSTs increased more rapidly 
after 16 ka and remained above 8.5°C for most of the Holocene. Holocene SSTs oscillated between 8 and 13°C, 
in contrast to the SSTs of ∼3–9°C prior to 15 ka.
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Figure 4. The diatom signal—Concentration of diatoms and the composition of the diatom assemblage at IODP Site U1419 
for the past 54 ka. (a) Total diatom concentration (valves g−2, red line), (c–g) cumulative percentage of diatom groups (%, 
lines—high-productive waters, green; sea-ice associated, crimson; coastal cold waters, light blue; pelagic cold waters, dark 
blue; pelagic temperate waters, orange, and benthic, red brown; for the composition of the diatom groups, see Section 4.3.2, 
and Supporting Information S1); and (h) total MAR (g cm2 ka−1; from Walczak et al., 2020). The total MAR is evaluated over 
constant timestep bins of 500 years to avoid interpretive artifacts associated with varying sample resolution. Light blue bars 
denote Siku Events (SE) 1–4 where IRD MAR exceeds 12 g cm2 ka (Walczak et al., 2020). MIS: Marine Isotope Stages.
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4.5. Sea-Ice Markers

Concentrations of the spring sea-ice biomarker IP25 exhibited significant fluctuations over the studied sediment 
interval with IP25 mainly absent between 51.5–48.5 ka and 47–45 ka as well as during some short intervals at 
ca. 44.5 ka, c. 40 ka, 34.3–32 ka, 21–18.5 ka and throughout MIS1 (Figure 5a). Elevated concentrations (0.6–
2.4 ng/g) were observed during and shortly before SE4 and SE3, at about 26 ka (SE2), and at about 18.7 and 17 ka 
(shortly before and after SE1). C37:4 concentration maxima occurred before 16 ka and decline afterward, although 
there were also intervals of exceptionally low C37:4 concentrations throughout the record (Figure 5b). While we 

Figure 5. The sea-ice signal—Concentration of biomarkers and sea-ice associated diatoms, sea-surface temperature (SST) 
and mass accumulation rate of ice-rafted debris (IRD MAR) at IODP Site U1419 for the past 54 ka. (a) IP25 (𝐴𝐴 𝐴𝐴 g g−2), (b) 
%C37:4 alkenone, (c) sea-ice associated diatoms (relative contribution—%- of the total diatom assemblage, %), (d) 𝐴𝐴 UK′

37 -based 
sea-surface temperature (SST, °C), (e) sea level (Waelbroeck et al., 2002) and (f) IRD MAR (g cm2 ka−1; from Walczak 
et al., 2020). The IRD MAR is evaluated over constant timestep bins of 500 years to avoid interpretive artifacts associated 
with varying sample resolution. Light blue bars denote Siku Events (SE) 1–4 where IRD MAR exceeds 12 g cm2 ka (Walczak 
et al., 2020). MIS: Marine Isotope Stages.
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note similarities between the general IP25 pattern and C37:4 abundances, a distinct relation between IP25 and C37:4 
concentrations and SE events, was not discernable.

5. Discussion
The long-term temporal evolution of reconstructed productivity, sea surface conditions (SST, sea-ice cover) and 
iceberg discharge at Site U1419 for the last 54 ka followed a glacial-interglacial pattern of variability. High 
concentrations of CaCO3, coccolithophorids, bSi, and diatoms mostly occurred in MIS 3 (54–28 ka) and MIS 2 
(28–17 ka). TOC values remained below 0.8% and C37:2 + C37:3 alkenones below 1 μg g−1 until ca. 14.5 ka, then 
abruptly increased at 14 ka (Figures 2c and 3d). SSTs were low from MIS 3 until ca. 15.5 ka, and increased into 
the late deglaciation and the early Holocene (Figures 3d and 5c). Although sea-ice biomarkers (IP25 and C37:4) 
and the sea-ice associated diatoms showed variable signals, they were predominantly present during MIS 3 and 
MIS 2 and decreased from 16.8 ka onward in line with increasing SSTs (Figures 4c and 5a, 5c and 5d). Superim-
posed on these orbital-paced variations, some proxies at Site U1419 showed suborbital-scale variations of diverse 
amplitude.

5.1. Productivity and Sea-Surface Conditions in the Northern Goa From MIS 3 Through MIS 2 (54–17 
Ka): Impact of Icebergs and Meltwater Discharge

Located in an HNLC region of the northeastern coastal Pacific Ocean (Childers et al., 2005), Site U1419 un-
derlies surface waters known to be largely iron-limited (Boyd et al., 2007; Martin, 1990). We argue that iron 
limitation largely defined the pattern of phytoplankton occurrence and the productivity in surface waters of the 
northern GoA during the past 54 ka.

The present-day iron limitation in the GoA largely affects the composition and dynamics of the phytoplankton 
communities (Childers et al., 2005; Strom et al., 2006, 2016). In situ iron enrichments of surface ocean waters 
of the GoA result in diatom blooms, demonstrating that phytoplankton growth in HNLC waters is controlled by 
the iron supply (Boyd et al., 2004, 2007). Since the magnitude of iron input to high-latitude oceans has changed 
over geological timescales (Martínez-García et al., 2011; Müller et al., 2018), it is essential to reassess its pos-
sible impact on past dynamics of primary producers. Possible mechanisms responsible for iron delivery to GoA 
surface waters between 54 and 17 ka might have been: (a) meltwater discharge from the northern CIS (Addison 
et  al., 2012; Cowan et  al., 2020), (b) seasonal mixing of the uppermost water column (Crusius et  al., 2011), 
(c) aeolian input, and (d) eddy-mediated offshore transport of coastal waters (Crusius et al., 2017). Although 
these mechanisms might have impacted primary productivity in different ways throughout the studied interval, 
we assign a major role of surface water fertilization to iron delivery via iceberg and meltwater discharges from 
tidewater termini (Cowan et al., 2020; Crusius et al., 2017). Site U1419 was drilled on the Alaskan continental 
shelf, approximately 75 km west of the Bering Trough mouth (Jaeger, Gulick, & LeVay, 2014). This shelf-cross-
ing trough was occupied by the Bering ice stream at the Last Glacial Maximum (Cowan et al., 2020, Figure 1). 
Because of the study site's proximity to the Bering icestream, we propose that the occurrence of the highest bulk 
biogenic and microfossil concentrations between early MIS 3 (c. 51.5 ka) and late MIS 2 (17 ka, shortly before 
the start of the last deglaciation) were due to tidewater glacier-mediated discharges of sediment-laden (iron bear-
ing) meltwater and icebergs from the northern CIS (Penkrot et al., 2018). The seasonal mixing of the uppermost 
water column (Crusius et al., 2011), eddy-mediated offshore transport of coastal waters (Crusius et al., 2017), 
and aeolian input might have played only a subordinate role in fertilizing surficial water through iron input during 
MIS 3 and 2. However, the impact of aeolian input in transporting iron into GoA waters might have become more 
important after the deglaciation (see discussion below in Section 5.2.).

Although abundance values were generally low, coccolithophorids were more commonly present than diatoms 
throughout the Site U1419 record (Figures 3a and 3b). Diatom and—to a lesser extent—coccolithophorid oc-
currence at Site U1419 was mostly confined to short-lived events between mid MIS 3 and early MIS 1 (45–15.5 
ka). Differences noted in the temporal pattern of bSi and CaCO3 concentration (Figures 2a and 2b) are also seen 
in the record of diatoms and coccolithophorids. Differences in the timing of siliceous and calcareous occurrence 
in the northern GoA for the past 54 ka are thus more likely to reflect the differential response of diatoms and 
coccolithophorids to (a) available nutrient pools, (b) the main season of production for each phytoplankton group 
and/or (c) the response to dissolution throughout the water column and at the water-sediment interface. Presently, 
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diatoms dominate the spring phytoplankton bloom in the GoA, while coccolithophores dominates the late sum-
mer-fall phytoplankton bloom (Childers et al., 2005; Stabeno et al., 2004). However, modern studies in the GoA 
have been unable to link diatom (Strom et al., 2006) or coccolithophore (Lipsen et al., 2007) productivity to one 
single factor such as irradiance or nutrient limitation, indicating a complex oceanographic and biogeochemical 
system (Childers et al., 2005). The alignment of coccolithophore abundance peaks and, to a lesser extent, bSi 
(=diatom) concentration, with SEs (Figures 3a and 3b) suggests that the phytoplankton production was linked to 
enhanced nutrient availability during glacial outflow events on geological time scales.

The complex hydrographic setting in surface waters overlying waters at Site U1419 might also explain the vari-
ability of diatom group occurrence at U1419. Diatom maxima were mainly contributed by taxa typical of highly 
productive waters, with cold water taxa as accompanying components (Figure 4). Since species dominant in 
highly productive waters quickly respond to the nutrient (iron) availability, they possibly benefited from sudden 
inputs of iron into surficial waters in spring, following the melting of the spring sea-ice cover. This pattern altered 
when the occurrence of spring sea ice increased. Peaks of sea-ice associated diatoms (>30%) match intervals of 
low total diatom concentration and the lowered contribution of highly productive water species (Figure 4b). The 
sudden shifts between highly productive water and sea-ice associated species during MIS3 and SE4 might also 
reflect reduced spring diatom bloom due to the prolonged sea-ice season.

In addition to productivity, the concentration of bulk sediment components, fossil records, and biomarkers could 
be influenced by preservation or source. Carbonate dissolution can occur in waters that are oversaturated with 
respect to calcium carbonate because of the respiration of organic carbon in the water column and at the water/
sediment interphase (Wollast & Chou, 1998). Organic carbon preservation is enhanced with high sediment burial 
rates or low oxygen water conditions (Canfield, 1994). Despite the increase in carbonate and TOC MAR during 
the SEs, the concentrations did not vary greatly over the study interval (Figures 2b and 2c), suggesting that there 
was a steady flux of carbon being preserved in the sediments of the northern Alaskan slope independent of glacial 
outflow events. The MAR maxima during the SEs could also be influenced by an increase in terrestrially derived 
material. Terrestrial aquatic ratio (TAR) values, however, indicate that the organic matter preserved during these 
intervals was of marine origin (Figure S1). Accumulation of terrestrial carbonate cannot be ruled out. Since the 
preservation of diatom valves at Site U1419 reflects the variable flow conditions that occurred during the en-
trainment and deposition of sediment from Alaska and diatoms produced in surface waters, diatom preservation 
is variable within different intervals and might have altered the diatom signal. However, the fact that benthic dia-
toms (usually more silicified than diatoms thriving in the hemipelagic and pelagic waters, Round et al., 1990) and 
weakly silicified taxa (such as Fragilariopsis cylindrus) were only accompanying components (Figure 4g), this 
suggests that the preserved diatom assemblage is representative of the main diatom community which occurred 
in waters overlying Site U1419. Exceptionally high relative values of benthic component abundance matching 
the lowest values of diatom concentration at 45.5–44.5, 40, 34 and 32 ka (Figure 4) supports our interpretation of 
benthic diatoms contributing only in a subordinate way to the U1419 diatom community.

A prominent feature of the primary producers' record is their asynchronous pattern of occurrence. Although 
different rates of preservation could be a factor for biogenic components, we observe certain similarities between 
concentrations of both inorganic and organic components for our phytoplankton groups (e.g., coccolith counts 
and C37:2 + C37:3 alkenones; Figures 3a and 3d), which are unlikely to have been driven by the same preserva-
tion factors (e.g., water column or sediment oxygenation for organic matter, dissolution processes for inorganic 
constituents). For example, the large peak in bSi (=diatoms) and to a lesser extent in TOC at ∼46–44 ka (Fig-
ures 2a and 2c, 3a) occurred alongside a low-oxygen event identified at Site U1419 (Sharon et al., 2021; Zindorf 
et  al.,  2020), but these conditions should not have impacted the preservation of siliceous organisms (Nelson 
et al., 1995). Rather, a high flux of biogenic components (especially TOC, Figure 2c) to the seafloor at this time 
is more likely to have driven the generation of low-oxygen conditions as organic matter was respired.

Since the mean value of SST remained below 8°C between 54 and 17 ka, and no significant shifts between cool-
ing and warming occurred during intervals of high coccolithophorid and/or diatom production (Figures 3a–3c), 
we argue that the occurrence of siliceous and calcareous primary producers was not influenced by low SST con-
ditions during MIS 3 and MIS two in the northern GoA. Although the match between the sporadic occurrence of 
diatoms and SST variations was not consistent over the interval 54–17 ka, the long-term SST dynamics appear 
to have determined the changes in composition of the diatom community. The dominance of diatoms typical of 
cold and highly productive coastal waters between 54 and 17 ka (Figures 4b and 4d) matched the generally low 
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SSTs (indicative of stronger mixing, Figure 3c) and spring sea-ice occurrences indicated by IP25 (Figure 5a). 
However, spring sea-ice cover seems to have exerted no major control on coccolithophore productivity either 
but potentially limited diatom growth (except for SE4) as the total diatom concentration was low overall after 
36 ka (i.e., since IP25 and C37:4 abundances point to the recurring presence of spring sea-ice cover at Site U1419, 
Figures 5a and 5b).

CIS outlet glaciers along the Alaskan coast terminated with a grounded tidewater terminus, thus they slowly 
advanced over the course of centuries, until thinning initiated a rapid retreat that was completed within decades, 
stabilizing when the glacier reached shallow water depths (Cowan et al., 2020, and references therein). Once 
tidewater glacier retreat was initiated, the glacier's behavior was only weakly influenced by climate (e.g., SST, 
Pfeffer, 2007), and trough geometry and sea level primarily controlled terminus behavior (Enderlin et al., 2013). 
The pattern of SST variability at Site U1419 provide further evidence of the CIS controlling the coastal regime 
dynamics. SST variability was mostly in phase with iceberg discharges as colder SSTs were linked to SE4, 2 and 
1. However, low SSTs were also recorded between SEs (e.g., between 37.5 and 34.5 ka, at 33.3 ka, 31 Ka and at 
c. 21 ka, Figure 3c).

5.2. SST Warming, Decrease of Bioavailable Iron and Weakened Productivity Between the Last 
Deglacial and Late Holocene (17-2 ka)

The abrupt decrease of MAR at Site U1419 around 17 ka (Figure 2d) signaled the early stages of glaciers' stag-
nation or retreat into the last deglaciation (Cowan et al., 2020). The long-term glacial retreat and sea level rise 
associated with the last deglacial (Figure 5) led to a flooding of the coastal plain along northern Alaska. Remo-
bilized iron originating from the newly inundated Alaskan shelf might have fueled primary productivity events 
after the LGM and in turn contributed to sedimentary anoxia (Davies et al., 2011; Sharon et al., 2021; Zindorf 
et al., 2020). While sea-ice indicators then return to zero and SSTs reach maximum values between 11.5 and 9 
ka (Figure 5), highest TOC content and elevated C37:2 + C37:3 concentrations (Figures 2c and 3d) are observed 
between 11 and 10 ka at Site U1419. This observation is in line with a widespread phenomenon along the Alaskan 
margin during the last deglaciation (Addison et al., 2012; Barron et al., 2009; Davies et al., 2011), and provides 
additional evidence of higher productivity due to the sudden fertilization of surface coastal waters. Regarding the 
low MAR during this interval, elevated TAR (Figure S1) shows that there was enhanced transport of terrestrial 
organic matter to U1419, but we conclude that this was not carried by meltwater, as there is no associated increase 
in the sedimentation rate nor elevated MAR (Figure 2).

There is a noticeable millennial-scale variability of SST superimposed on a significant warming trend between 
17 and 9 ka, which is accompanied by short-term fluctuations and an overall decrease in the abundance of IP25 
and C37:4 until 15.5 ka (Figure 5). These rapid variations suggest that a readvance of sea-ice coverage developed, 
perhaps in response to meltwater discharge from retreating glaciers. In line with the SST warming during the last 
deglacial, an increase in the contribution of diatoms thriving in pelagic, more temperate waters occurred between 
14 and 11 ka, with lessened contribution of coastal cold and highly productive waters (unfortunately only four 
samples with a statistically significant number of valves can be considered; Figure 4). Similar observations on the 
shift of diatom species composition are known for the nearby core EW0408-85CJ (Barron et al., 2009).

The overall low IRD after 16 ka (Figure 2d) followed the glacier retreat scenario coupled with SST warming 
(confirming the trend observed at Site U1419 in the site survey core by Praetorius et al., 2015), a highly stratified 
uppermost water column (=weak mixing, Royer & Grosch, 2006), and weakened iceberg-mediated iron fertili-
zation of the ocean surface. An increasingly stratified uppermost water column during the Holocene led to (a) 
the decreased resuspension of sediments, as well as (b) the reduction of iron delivery into shelf waters (Crusius 
et al., 2017).

The Holocene as preserved at Site U1419 recorded only minor environmental changes. The only striking events 
occurred during the early Holocene when peaks in coccolith concentration and TOC% between 10.5 and 9.5 ka, 
and C37:2 + C37:3 alkenone concentration at c. 11 ka are observed (Figures 2 and 3; not shown in total MAR), 
alongside a SST warming (Figure 3c). Surface waters overlying Site U1419 then gradually cooled to c. 8°C until 
7.5 ka, followed by warming through the late Holocene (8.5–12°C, Figure 3d). The higher contribution (50%–
55%) of diatoms typical of pelagic cold waters after 7 ka matches well the warming recorded by the 𝐴𝐴 UK′

37 -based 



Paleoceanography and Paleoclimatology

ROMERO ET AL.

10.1029/2021PA004385

15 of 18

temperatures (Figure 3c) and the lowered surface water production (Barron et al., 2009). The Site U1419 record 
displayed no indication of significant CIS discharge after 7 ka.

With decreased extension of the CIS after the last deglaciation, other mechanisms of iron delivery might have 
become more important. Local sources of dust include extensive areas along the southern Alaskan coastline 
where the glacier melting season lasts several months (Neal et  al.,  2010), exposing dust in glacierized river 
valleys (Crusius et al., 2011) which can then be carried over hundreds of kilometers beyond the shelf break in 
late autumn dust storms (Crusius et  al.,  2011; Schroth et  al.,  2017). Following present-day analogs (Crusius 
et al., 2011, 2017), we propose that vast areas in Alaska became more active sources of dust for bioavailable iron 
after the last deglaciation throughout the late Holocene. However, their impact on primary producers seems to be 
less crucial beyond the Alaskan continental shelf, since - except for the coccolithophorid maximum between 10.5 
and 9.5 ka—primary producers' values resemble those recorded before the Holocene.

6. Conclusions
Our multiproxy assessment combines for the first time the study of siliceous and calcareous microfossils, bulk 
biogenic components, biomarkers, and ice-rafted debris for the reconstruction of sea-surface conditions, and sea-
ice occurrence at IODP Site U1419 off Alaska for the past 54 ka. This multiproxy approach allows us to investi-
gate the forcings driving paleoenvironmental change of upper ocean properties in the high-latitude northeastern 
Pacific on orbital and suborbital timescales.

Retreat of the CIS and the associated meltwater discharge actively defined both the orbital and suborbital times-
cales of productivity and sea-surface oscillations in the northern GoA. Bioavailable iron (mainly linked to iceberg 
discharge) largely controlled the pattern of primary productivity occurrence in waters overlying Site U1419.

The occurrence of siliceous and calcareous primary producers at Site U1419 is not consistently linked with SST 
variability over the entire record. SST changes were not linked to marine producers' dynamics on the suborbital 
timescale during MIS 3 and MIS 2, suggesting that SST is not a primary forcing of productivity change on these 
timescales.

Despite minor productivity peaks, less favorable conditions for primary producers prevailed between the last 
deglaciation (17-11 ka) and the late Holocene. Compared to MIS3 and MIS2, the significant reduction of CIS 
cover after the last deglaciation and weakened meltwater discharge into the northern GoA negatively impacted 
productivity in surface waters overlying the Alaskan slope.

Our multiproxy reconstruction suggests that iron fertilization actively fueled primary productivity in the HNLC 
waters adjacent to Alaskan continental ice sheets during the Late Pleistocene. This study supports the scenario of 
the GoA representing an ice-proximal marine environment where primary productivity, and potentially also CO2 
draw-down, are closely linked to ice-sheet dynamics (Martin, 1990).

Data Availability Statement
Data files are archived at https://doi.pangaea.de/10.1594/PANGAEA.932584.
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