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From glaciological observations, we found spatial variation in the input of insoluble particles (ISP) on a glacier surface from atmospheric deposition and outcropping at the surface of the glacier by surface ablation at the ablation area of the Qaanaaq Ice Cap in northwestern Greenland. Possible sources of ISP input to the glacier surface were outcropping at the surface of the glacier by ablation at intermediate and low elevations, and from atmospheric deposition at high elevations. The annual atmospheric deposition of ISP was larger at high elevations than at intermediate and low elevations. The annual abundance of outcropping ISP was larger at intermediate elevations than at low elevations, where the annual ablation rate of the glacier surface was 1.5 times larger than at intermediate elevations. The ISP concentration in the glacier ice at intermediate sites was approximately 10 times larger than at low sites. The water stable isotopes of glacier ice at intermediate sites indicated that glacier ice at the intermediate sites did not form since the last glacial maximum, possibly the Holocene Thermal Maximum. Therefore, the accumulation of the ISP, which is outcropping at the intermediate site, occurred at high elevations after Holocene Thermal Maximum.
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INTRODUCTION
Ice loss from the Greenland Ice Sheet (henceforth referred to as ice sheet) and local glaciers and ice caps surrounding Greenland (henceforth referred to as glaciers) is one of the largest contributors to the current global sea level rise (Meier et al., 2007; Rignot et al., 2011). Bolch et al. (2013) estimated that the mass loss of glaciers from 2003 to 2008 is responsible for 10% of the global sea level rise. Glaciers are sensitive to recent climate change because they are at relatively low elevations (Hanna et al., 2012). The mass loss of an ice sheet and glaciers is driven mainly by rising air temperature and a reduction in surface albedo (Box et al., 2012). Remote sensing data show the reduction in albedo in recent decades (e.g., Tedesco et al., 2011; Shimada et al., 2016). As the albedo of the ice surface decreases, the absorption of solar radiation at the glacier surface increases, and surface melting is enhanced. The albedo of the surface of glaciers and ice sheets is controlled by snow grain size and the concentration of light-absorbing impurities in snow (henceforth referred to as LAI), such as mineral dust, black carbon, and organic compounds. Snow grain size has increased via accelerated snow metamorphism under recent warm conditions, and coarse snow grains reduce the albedo in the near-infrared range. LAI reduce the albedo in the visible range. If LAI exist with coarse snow grains, the albedo reduction is enhanced (Warren and Wiscombe, 1980; Aoki et al., 2011; Aoki et al., 2003).
LAI are added to a glacier surface via 1) atmospheric deposition, 2) outcropping at the surface of the glacier during glacier surface ablation, and 3) microbial products and metabolites, and is reduced by 4) meltwater run-off and 5) the decomposition of organic substances via microbial activities and chemical reactions, such as photo-oxidation (e.g., Takeuchi et al., 2018). The main constituent of atmospheric deposition is mineral dust, with a minor contribution of black carbon in Greenland (Aoki et al., 2014a). Several papers show that atmospheric mineral dust deposited on the interior of the ice sheet is mainly transported from Asian deserts by long-distance transport and that atmospheric mineral dust deposited on the ablation area of the ice sheet and glaciers is from local windblown sediment or englacial debris. Asian dust, generated when the surface soil in the arid region of the Asian continental landmass is lifted by winds into the free troposphere, can be transported a long distance (e.g., Uno et al., 2001; Sasaki et al., 2016). Bory et al. (2002) showed that mineral dust in the snow in the last decade at the North GRIP in the central ice sheet was originated from eastern Asia using mineralogical analyses and isotopic analyses of Sr and Nd, which are used for tracer of mineral dust sources. Svensson et al. (2000) showed that the predominant source of mineral dust deposited at Summit of the ice sheet for Younger Dryas, Bølling, Last Glacier Maximum, and the cold and mild glacial periods back to 44 kyr B.P. is found most likely to be eastern Asia. Nagatsuka et al. (2016) showed that mineral dust in the snow at the ablation area of the glacier and the ice sheet in the Qaanaaq region in northwestern Greenland, and the Kangerlussuaq area in western Greenland is originated from moraines and around each glacier using isotopic analyses of Sr and Nd. Windblown sediment or englacial debris in the coastal region of Greenland cannot be lifted up to high elevation where aerosol can be transported a long distance, because the strength of air convection is not enough in the cold region. Moreover, the stability of the atmosphere over the ice sheet developed by anticyclone restricts the transportation of substances from the coastal region of Greenland to inland (e.g., Davidson et al., 1993; Matoba et al., 2014). Therefore, the dominant source of mineral dust in the inland of the ice sheet is a remote area such as Asian deserts. On the other hand, the ablation area of the ice sheet and glaciers locate the coastal region of Greenland and the elevation is low. Thus, the windblown sediment or englacial debris, even coarse particles, can be transported to the low elevation site. Therefore, dominant sources of mineral dust in the ablation area of the ice sheet and glaciers are the windblown sediment or englacial debris in the coastal region of Greenland. Wientjes et al. (2011) indicated that the contribution of outcropping dust to albedo reduction is comparable to that of atmospheric dust.
The spatiotemporal variation in surface albedo and its effects on surface melting in the ablation zone of the ice sheet and glaciers are complex. Field data are insufficient to discuss the regional variation in Greenland, especially for glaciers. Several studies in northwestern Greenland have examined the mass balance and variation in surface albedo at the Qaanaaq Glacier and Ice Cap. Aoki et al. (2014b) installed an automatic weather station at site SIGMA-B (944 m elevation) on the Qaanaaq Ice Cap in 2012 and made glaciological observations; they reported temporal changes in snow height, air temperature, and surface conditions. In 2012, the surface at site SIGMA-B was slushy and was covered with snow or ice grains containing dark material, whereas the surface of large areas at elevations higher than about 700 m a.s.l. was covered with snow in 2013. Sugiyama et al. (2014) observed the surface melt rate, ice flow velocity, and ice thickness along a survey route on an outlet glacier (Qaanaaq Glacier) from the Qaanaaq Ice Cap, and showed that the degree-day factor was larger on the dark surface in the middle of the glacier than on relatively clean surfaces at lower and higher parts of the glacier. They suggested the importance of darkening on the increased surface melting of glaciers. Tsutaki et al. (2017) reported the surface mass balance, ice velocity, and ice temperature along the flow line of the Qaanaaq Glacier and site SIGMA-B. Takeuchi et al. (2018) showed the mechanisms for the development and collapse of cryoconite holes based on observations on the Qaanaaq Ice Cap. Nagatsuka et al. (2014) indicated that mineral dust in cryoconite on the Qaanaaq Glacier was supplied from englacial dust and moraines near the glaciers rather than from distant areas based on analyses of strontium and neodymium isotopes in mineral dust in the cryoconite. Søndergaad et al. (2019) reported the glacier history of the Qaanaaq Ice Cap using geomorphological mapping, 10Be exposure dating of boulders, and lake sediment cores and suggested that the Qaanaaq Ice Cap survived the Holocene Thermal Maximum, although the ice cap was smaller than at present between 3.3 ± 0.1 and 0.9 ± 0.1 kcal BP, and it advanced again at the Little Ice Age.
Uncertainty about the spatiotemporal variation in dark material on the Qaanaaq Ice Cap and the processes that increase or decrease these materials persists. Here, we focused on the processes inputting materials to the surface of the Qaanaaq Ice Cap and report the spatial variation in the input of materials from atmospheric deposition and outcropping from the inside of the glacier at the ice cap based on investigations conducted on the glacier in 2017.
METHOD
The Qaanaaq Ice Cap (77°28′N, 69°14′W), located in northwestern Greenland, covers an area of 312 km2 and an elevation range of 30–1,110 m a.s.l. over the central part of a peninsula (Figure 1). Since 2012, several field campaigns have been conducted on the Qaanaaq Glacier, which flows southwest from the southern part of the Qaanaaq Ice Cap, and six observation sites were established along the flowline of the Qaanaaq Glacier (Aoki et al., 2014b; Sugiyama et al., 2014; Tsutaki et al., 2017) (Table 1). We conducted field observations at these sites and the SIGMA-B site, where an automatic weather station was installed in 2012 (Aoki et al., 2014b). We made snow pit observations at each observation site, observed stratigraphic features by eye using a loupe, and measured snow density using a 100-cm3 snow sampler and an electric balance, and snow temperature using a PT100 sensor. The observations were conducted on June 12, 2017, at sites 1 and 2, June 14 at site 3, June 9, and 14 at site 4, June 17 at sites 5 and 6, and June 9 at the SIGMA-B site.
[image: Figure 1]FIGURE 1 | Locations of the study area and the observation sites showing measurement sites (solid circles) and places of atmospheric deposition sampling (white circle). A square indicates Qaanaaq village. The contour interval is 100 m.
TABLE 1 | Elevation, surface mass balance (SMB), and annual abundance of atmospheric deposition and outcropping of ISP.
[image: Table 1]We collected snow samples from full depth seasonal snowpack at each site to estimate the amount of atmospheric deposition during snow season. We also collected ice samples from the glacier under the seasonal snowpack at each site to estimate the amount of outcropping substance by surface ablation of the glacier. We took snow and ice samples using a stainless sampler and then stored them in polyethylene bags, melted the samples in the bags at ambient temperature, and decanted the sample into polypropylene bottles. In this research, we did not consider the increase in the mass of the concentration of insoluble particles (ISP) due to biological activity on the glacier surface. To avoid contamination by material that covered the glacier surface the previous summer, we collected only ice underneath the glacier surface of the previous summer. To confirm that the ice sampled could be collected from the inside of the glacier, and not from superimposed ice formed within the past few years or glacier surface in last summer, we measured the tritium concentration using a liquid scintillation counter (LSC-LB1, Aloka). If the ice had formed within a few decades, tritium from natural sources produced by the reaction with cosmic rays should be detected. We examined only samples in which no tritium was detected. To determine whether the sampled ice had formed in the Holocene or last glacial period, we measured the stable isotopes of water in ice samples using wavelength-scanned cavity ring-down spectroscopy (L2130i, Picarro).
We also collected atmospheric depositional materials using buckets filled with pure water tied to wooden stakes. The bucket samplers were set at site 4 and on a moraine near site 3, where surface albedo reduction by LAI had been observed by Sugiyama et al. (2014), from June 6 to July 4, 2017. The diameter of the open mouth of each bucket was 0.2 m. After the sampling period, we recovered the materials and liquid in the buckets. To avoid contaminations from the snow surface and ground surface, the buckets were set 1.5 m height.
We measured the ISP concentration in both snowpack and bucket samples using a Coulter counter (Multisizer 3, Beckman Coulter) using standard analytical conditions.
RESULTS AND DISCUSSIONS
Figure 2 shows the vertical profiles of snow density, snow stratigraphy, and snow temperature of the seasonal snowpack at sites 2–6 and SIGMA-B on the Qaanaaq Glacier. Most of the snowpack of seasonal snow at sites 3 and 4 consisted of melt forms. At site 3, the snow density exceeded 300 kg m−3 at the surface, decreased with snow depth to 0.2 m, and then increased with snow depth below 0.4 m. The snow temperature was 0°C from the surface to 0.1 m depth and below 0°C at greater depths. At site 4, the snow density above 2.5 m was approximately 300 kg m−3, increased with snow depth to 0.4 m, and then decreased with snow depth to 0.55 m. The snow temperature was 0°C from the surface to 0.4 m depth and below 0°C at greater depths. These profiles from sites 3 and 4 indicate that the upper parts of the snowpack had already melted but that the amount of melting was not remarkable, and no meltwater had been washed out of the snowpack. At sites 5, 6, and SIGMA-B, most of the seasonal snow snowpack consisted of rounded grains. The snow temperature at all depths was below 0°C. These profiles indicate that the snowpack at sites 5, 6, and SIGMA-B had not melted before the observations. We calculated the snow water equivalent (SWE) depth of seasonal snow at each site from the snow depth and density.
[image: Figure 2]FIGURE 2 | Snow stratigraphy and vertical profiles of snow density and snow temperature in snow pits at sites 2–6 (A–E) and SIGMA-B site (F). The characters showing snow classification of stratigraphy are following by the snow classification by Fierz et al. (2009). Shading areas represent glacier ice under seasonal snow layer. “hard” represents relatively hard snow layer. “wet” in figure c represents a snow layer containing liquid water.
Figure 3 shows the ISP concentrations in seasonal snow and glacier ice at each site. The ISP concentration in seasonal snow ranged from 490 to 4,710 mm3 m−3 and was highest at site 5. The ISP concentrations were higher in glacial ice than in the seasonal snow and had a wider range from 1,320 to 34,300 mm3 m−3. The glacial ice ISP concentrations were highest at intermediate elevations (sites 3 and 4) on the Qaanaaq Glacier.
[image: Figure 3]FIGURE 3 | Mass concentrations of ISP in snowpack (solid circle) and the glacial ice (open circle) at site 1–6.
We calculated the annual flux of atmospheric deposition of ISP from the ISP concentrations in the snowpack as: 
[image: image]
where Fair(snow) is the annual flux of atmospheric ISP, Csnow is the ISP concentration in the snowpack, Hsnow is the SWE at the site, and tsnow is the period from the first day of snow accumulation in this season to the day of the observation. We set August 17, 2016, as the first day of snow accumulation in this season based on the variation in snow height at site SIGMA-B recorded by the automatic weather station (Aoki et al., 2014b; Aoki et al., 2014c).
We also calculated the annual flux of the atmospheric deposition of ISP with the amount of ISP collected by the bucket samplers as: 
[image: image]
where Fair(bucket) is the annual flux of atmospheric ISP, Cbucket is the measured concentration of ISP in the water in a bucket, Vbucket is the volume of water in the bucket at the end of sampling, Sbucket is the area of the open mouth of the bucket, and tbucket = 0.071 years (26 days) is the period of bucket sampling from June 6 to July 4, 2017. Table 1 shows the calculated annual fluxes. Fair(bucket) was comparable to Fair(snow), although the period of bucket sampling differed from the snow cover period used for the Fair(snow) calculations.
The annual abundance of ISP outcropped from the glacier surface is the abundance of ISP contained in the glacier ice which melts in an ablation season at each site. We calculated the annual abundance of outcropping ISP at glacier surface at each site as: 
[image: image]
where Fout is the annual abundance of outcropping ISP, Cice is the ISP concentration in glacial ice, and Aice is the annual ablation rate of the glacier surface at the site. We used the Aice averages of the annual surface mass balance from 2012/13 to 2015/16 reported by Tsutaki et al. (2017). Table 1 shows the calculated annual values of the outcropped ISP.
Figure 4 shows the annual flux of atmospheric ISP and the annual abundance of outcropping ISP at each site. The dominant source of ISP input to the glacier surface was atmospheric deposition at sites 5 and 6 and outcropping from glacial ice at sites 1–4, where it exceeded 97%. The annual flux of atmospheric ISP was higher at sites 5 and 6. The annual abundance of outcropping ISP was higher at sites 3 and 4.
[image: Figure 4]FIGURE 4 | (top) Annual flux of atmospheric ISP estimated from ISP concentration in seasonal snowpack in site 1–6 (st1 - st6), and from ISP concentration collected by bucket samplers set in sites 3 and 4 (right most). Value estimated by the bucket samplers is average of those in site 3 and site 4. Numbers of bar graphs indicate the estimated annual flux of atmospheric ISP (mm3 m−2 yr−1). (bottom) Annual abundance of outcropping ISP at the surface of the glacier estimated by ISP concentrations in the glacier ice and annual surface mass balance at each site 1–6. Numbers of bar graphs indicate the estimated annual abundance of outcropping ISP (mm3 m−2 yr−1) in each site.
[image: Figure 5]FIGURE 5 | δ18O of snow of the seasonal snow (solid circle) and the glacial ice (open circle) at site 1–6.
[image: Figure 6]FIGURE 6 | Schematic drawing of accumulation of dark materials in warmer state and outcropping of dark materials in current state. Dark materials accumulated in Past Warmer state is conveyed with glacier flow in Cold States inside glacier, then is outcropping currently at intermediate of the glacier.
We consider the cause of the spatial distribution of atmospheric deposition of ISP, which was higher at sites 5 and 6. Hashimoto et al. (2018, 2019) reported that occasional events of intense winds in winter and early spring in this region. Numerical simulation results show that the intense wind is driven by a northerly lee side downward wind from the ice sheet when low pressure exists over the northern Baffin Bay. We speculate that the northerly intense wind from the ice sheet to the Qaanaaq Ice Cap can blow up mineral dust from glacier moraine between the ice sheet and the Qaanaaq Ice Cap, and transport the mineral dust over the Qaanaaq Ice Cap from north to south. Therefore, the ISP concentrations in the snowpack at the more northern and higher elevation sites (5 and 6) are higher than at lower sites (1–4) (Hashimoto et al., 2018).
Next, we considered the cause of the spatial distribution of outcropping ISP, which was very high at sites 3 and 4, where dark material covered the glacier surface (Sugiyama et al., 2014). Although the annual ablation rate of the glacier surface was 1.5 times higher at sites 1 and 2 than at sites 3 and 4, the abundance of outcropping ISP at sites 1 and 2 was lower because the ISP concentrations in the glacial ice at sites 3 and 4 were approximately 10 times higher than those at sites 1 and 2.
We consider why the ISP concentrations in the glacial ice at sites 3 and 4 were higher than those at sites 1 and 2. The equilibrium line altitude (ELA) of the Qaanaaq Glacier is approximately 900 m a.s.l. (Tsutaki et al., 2017). The ice in the present ablation zone formed in a higher accumulation zone in the past and flowed to the present position with the glacier dynamics. Therefore, the ISP at sites 1, 2, 3, and 4 accumulated at high elevation areas in the past. One possible mechanism to accumulate the high ISP concentration at higher elevation areas is the high atmospheric deposition of mineral dust in the past. During the glaciation period, water circulation in the atmosphere weakens, and airborne dust can be transported over long distances. Therefore, the mineral dust concentration in the upper troposphere increases (e.g., Lambert et al., 2008). The rate of mineral dust deposition on land and ocean also increased in the glaciation period (e.g., Lambert et al., 2008). The concentration of mineral dust in an ice core obtained from the Greenland Ice Sheet was more than 10 times higher during the glaciation period than in the Holocene (e.g., Ruth et al., 2003). To identify whether glacier formation and ISP deposition, which is occurring at sites 3 and 4 at present, had occurred at higher elevations in the glaciation period, we measured the water stable isotopes of the glacial ice sample at sites 3 and 4. Generally, the water stable isotope ratio is smaller at cold temperatures. In Greenland ice cores, δ18O was 5–8‰ lower during the glaciation period than at present (Svensson et al., 2008). However, the δ18O in the glacial ice sample was comparable with that in seasonal snow at present (Figure 5). Therefore, we concluded that ISP contained in the inside of the glacier at sites 3 and 4 was deposited in the Holocene. We postulated the following mechanism for the high ISP concentrations deposited on the glacier surface at higher elevations in the Holocene (Figure 6). In a warmer period, the ELA was higher than at present, and the ablation zone expanded to higher areas. In this higher ablation zone, ISP accumulated annually via atmospheric deposition, outcropping substances at the surface of the glacier by ablation, and microbe activities. Then, the air temperature decreased, and ELA descended to the present elevation. The area where the ISP had accumulated became the accumulation zone, and the ISP was transported into the inside of the glacier with accumulated snow. Then, the ISP flowed up to the glacier surface at sites 3 and 4 at present. Søndergaad et al. (2019) believed that the Qaanaaq Ice Cap survived the Holocene Thermal Maximum, but was smaller from 3.3 ± 0.1 to 0.9 ± 0.1 kcal BP than at present, before expanding in the Little Ice Age. The ISP accumulation in higher areas may have occurred in the warm period before the Little Ice Age. To verify this mechanism, further studies need to include glacier flow dynamics and quantitative evaluation of the contribution of microbe activities.
CONCLUSION
We conducted glaciological observations in the ablation zone of the Qaanaaq Glacier in northwestern Greenland to reveal the spatial variation in the input of insoluble particles (ISP) on the glacier surface from atmospheric deposition and outcropping at the surface of the glacier by ablation. The annual abundance of atmospheric depositions of ISP was estimated from ISP concentrations in the seasonal snowpack before the snowmelt season at low (sites 1 and 2), intermediate (sites 3 and 4), and high (sites 5 and 6) elevation sites. ISP was collected by bucket samplers at site 4 and a side moraine. The annual abundance of atmospheric ISP at site 4 estimated using the seasonal snowpack was comparable to that based on bucket sampling. The annual atmospheric ISP was higher at sites 5 and 6 because the intense wind from the Greenland Ice Sheet blows over the Qaanaaq Ice Cap and transports mineral dust to higher areas on the Qaanaaq Ice Cap. The annual abundance of outcropping ISP was higher at sites 3 and 4 because the ISP concentrations in the glacial ice at sites 3 and 4 were higher, although the annual ablation rate was higher at sites 1 and 2 than at sites 3 and 4. Because the water stable isotopes of the glacial ice at sites 3 and 4 were not the values found in the glaciation period, we propose that concentrated ISP, which accumulated at higher elevations in a warmer Holocene period, is flowing up at sites 3 and 4 at present.
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