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Abstract
Blood Falls forms when iron-rich, hypersaline, subglacially-sourced brine flows from a crack in the surface of Taylor Glacier, Antarctica. If air temperatures are low enough, the brine freezes to form a fan-shaped icing deposit. In chapter two, historical observations (including photos, oral histories, written descriptions, and field sketches) are evaluated using a confidence assessment framework to compile a history of brine icing deposit presence or absence during summer field seasons between 1903-1904 and 1993-1994. Additionally, an alternative explanation for a small, localized advance of a portion of the terminus is proposed: rather than temperature-driven ice viscosity changes, rising lake level drove temporary, localized basal sliding which induced advance, thinning, and collapse of a part of the terminus previously grounded on a proglacial moraine. In chapter three, time-lapse imagery is used to document a 2014 wintertime brine release that occurred in the absence of surface melt. This suggests that meltwater-driven fracture propagation of surface crevasses downward into the glacier was not a likely factor in this brine release event, as has been previously proposed. Further, there is no evidence for an increase in Rayleigh-wave activity prior to or during the brine release that would be characteristic of shallow seismic sources. Together, this suggests that sufficient pressure is built in the subglacial system to trigger basal crevassing and fracture propagation upward to allow brine release at the surface. In chapter four, two different seismic detectors that use ratios of short-term to long-term seismic energy variance to identify seismic events are compared. The detectors use different statistical distributions to determine what constitutes a large enough ratio to trigger an event detection. Differences between what the two detectors identify as events rather than background noise are interpreted as environmental microseismicity with a distinct diurnal and seasonal occurrence. Minimum detectable event sizes over 3-day time windows are compared. Together, these studies provide context for the history of brine release events, wintertime brine release characteristics, and descriptions of the local seismic environment at Taylor Glacier.
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Chapter 1: Introduction
1.1 Blood Falls, Taylor Glacier, Antarctica

From the earliest observations of Taylor Glacier in 1903, the glacier and the dry valley into which it terminates have spurred scientific curiosity. The McMurdo Dry Valleys, including Taylor Valley, contain some of the few areas of exposed land in Antarctica. Outlet glaciers enter the valleys from the East Antarctic Ice Sheet and terminate before reaching the ocean, unlike outlet glaciers in the surrounding area (Fig. 1.1). Smaller mountain glaciers flow down the mountains separating one valley from the next. Lakes in the valley floors range from fresh to hypersaline; in the case of Don Juan Pond, the salinity is so high that the pond remains unfrozen year-round. High salinity allows many lakes to remain liquid beneath year-round ice covers, including Taylor Glacier's proglacial Lake Bonney. At the terminus of Taylor Glacier, an occasional red frozen waterfall and icy fan-shaped deposit is observed: Blood Falls (Fig. 1.2).Blood Falls forms when iron-rich, hypersaline brine episodically flows from a crack in the glacial ice; the brine freezes to form an icing deposit if air temperatures are cold enough. Geochemical analysis of the brine solutes indicates a marine origin, with modification by cryoconcentration, microbial metabolic activity, and subglacial weathering of aluminosilicate minerals [Lyons and others, 2019]. The brine itself hosts a thriving microbial community that has been a target of several studies. Microbes extracted from the brine cycle iron and sulfur in an anoxic metabolic pathway [Mikucki and Priscu, 2007; Mikucki and others, 2009; Campen and others, 2019]. The microbial system in this hypersaline, cold, isolated environment and other communities identified under ice-covered lakes and subglacial settings are considered terrestrial analogs for potential life in harsh environments on other planetary bodies and their satellites, as well as in the Earth's Neoproterozoic oceans [Priscu and others, 1998; Takacs and Priscu, 1998; Sharp and others, 1999; Skidmore and others, 2000; MacClune and others, 2003; Mikucki and others, 2004; Doran and others, 2008a; Lanoil and others, 2009; Mikucki
1



Figure 1.1: Taylor Glacier drains Taylor Dome into Taylor Valley, one of the McMurdo Dry Valleys. Other nearby glaciers and features mentioned in this dissertation include Don Juan Pond, Canada Glacier, Ferrar Glacier, McMurdo Sound, the West Antarctic Ice Sheet (WAIS), the East Antarctic Ice Sheet (EAIS), and the Ross Ice Shelf. Base image: false-color, pan-sharpened Landsat Image Mosaic of Antarctica (LIMA, bands 4, 3, 2) [Bindschadler and others, 2008], data available through Quantarctica [Matsuoka and others, 2018].
and others, 2009; Priscu and others, 2013]. While the exact location of the subglacial brine source is nebulous, unconsolidated, brine-saturated sediments are widespread below Taylor Glacier [Mikucki and others, 2015].Taylor Glacier is an outlet glacier of the East Antarctic ice sheet in south Victoria Land, with flow sourced from Taylor Dome and terminating in Taylor Valley 100 km downstream (Fig. 1.1). It is one of a set of cold Antarctic outlet glaciers characterized by plug-like flow of clean cold ice over a layer of more rapidly deforming basal ice. The high salinity makes the basal ice of Taylor Glacier even softer than that of other nearby outlet glaciers; thus, Taylor can be considered an end-member case within this cold outlet glacier family [Pettit and
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Figure ∣.2: The Blood Falls feature forms at the terminus of Taylor Glacier, where iron-rich brine flows over the terminal moraine and onto the lake ice covering proglacial Lake Bonney. In this photo, icing deposits from an undated brine release remain, but have been heavily modified by melting and sublimation. Photo: Chris Carr, November 20∣3.
others, 20∣4]. Ice cliffs form the margin of the glacier in the terminus region. The central portion of the terminus calves into the ice-covered west lobe of Lake Bonney, while the remainder of the terminus calves onto land. In the terminus region, supraglacial meltwater channels dominate the surface topography, resulting in substantial transverse variations in ice thickness (Fig. ∣.3).The research presented in this dissertation represents one facet of a larger project funded by several grants from the U.S. National Science Foundation: the Minimally Invasive Direct Glacial Exploration (MIDGE) of Biogeochemistry, Hydrology, and Glaciology of Blood Falls, McMurdo Dry Valleys. Principal investigators on the MIDGE project are: Berry Lyons, Jill Mikucki, Erin Pettit, and Slawek Tulaczyk. The multidisciplinary, collaborative pro ject goals include identification of Blood Falls brine source location(s) and transport pathway(s), iden-
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Figure 1.3: Taylor Glacier terminus and Lake Bonney. The central portion of the terminus calves into the perennially ice-covered Lake Bonney. Around the margins, 20-30 m high cliffs calve onto the land, forming debris aprons. Surface channels create substantial transverse variations in ice thickness. Blood Falls is visible on the far right (north) side of the terminus. Photo: Chris Carr, November 2013.
tification of trigger mechanisms for brine release, and description of the microbial community and geochemical evolution of the brine through changing environments as it is transported through subfreezing ice.The following sections include descriptions of the study area, data sets, and an outline of the dissertation chapters.
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1.2 Background
1.2.1 Taylor Glacier and Taylor Valley

In Taylor Glacier's accumulation zone, mass gain can occur during both summer and winter; likewise, mass loss can occur during both seasons in the ablation zone [Fountain and others, 2006]. Snowfall and wind redistribution dominate accumulation, while sublimation dominates ablation (melt is a significant contribution only during some summers, Fountain and others [2006]; Hoffman and others [2008]). At the nearby Canada Glacier, cliff melt surpasses surface melt by an order of magnitude and this is likely the case at other glaciers in the valley [Lewis and others, 1998]. The equilibrium line altitude is approximately 1500 m, such that the lower 80 km of Taylor Glacier constitutes its ablation zone (Kavanaugh and others [2009]; this contrasts with frequently cited earlier ELA estimates of > 1800 m reported by Robinson [1984]). Ablation zone mass balance for Taylor Glacier ranged from —133mm + 40 mm water equivalent (w.e.) a l to —235 mm + 45 mm w.e. a l during 1994-2001 [Fountain and others, 2006]. At present, the net mass balance is near zero — though accumulation is difficult to measure (estimated at 3-5cm w.e. a l, Kavanaugh and others [2009]). In the terminus region, mean annual air temperatures , and thus the near-surface ice temperatures, are around —18°C [Doran and others, 2002a; Pettit and others, 2014]. Variations in warm down-valley winds are a significant factor in interannual temperature variability, especially during winter, [Nylen and others, 2004; Doran and others, 2008b; Obryk and others, 2020]The earliest observations near the Taylor terminus were made by the members of the Scott expedition in December 1903 [Scott, 1907]. Among other observations, they measured the distance across the Narrows separating the east and west lobes of Lake Bonney (Fig. 1.4), providing a baseline for future hydrologic studies in Taylor Valley [Scott, 1929; Bomblies and others, 2001; Green and Lyons, 2009]. Previous studies have determined little change in the terminus position of Taylor Glacier over the period of historical observation [Pewe and Church, 1962; Chinn, 1980, 1998], or perhaps a small advance in terminus position [Fountain 
5



and others, 2004]. The advance of Taylor Glacier and alpine glaciers in eastern Taylor Valley has been attributed by some authors to temperature-driven ice viscosity decreases following reduced horizontal advection of cold ice due to dry mid-Holocene conditions [Fountain and others, 2004; Kavanaugh and others, 2009]. Surface balance has largely adjusted to the mid-Holocene drying of local climate, based on characteristic thickness and ablation rates near the terminus, but the observed thinning could be a delayed response [Kavanaugh and others, 2009]. During the last decades of the 20th century, cooling of 0.7°C per decade occurred [Doran and others, 2002b]. This cooling, and presumed reduced ablation, has also been proposed to explain the advance of the Taylor terminus [Steig and others, 2000; Kavanaugh and others, 2009]. In Chapter 2, an alternative explanation is proposed: rather than temperature-driven ice viscosity changes or changes to ablation rates, we propose that the rising level of Lake Bonney altered the basal conditions of a localized portion of the Taylor terminus. Sliding, thinning, and collapse of this portion of the terminus ensued.Across longer timescales (glacial-interglacial periods), Taylor Glacier, together with most small alpine glaciers in the Dry Valleys, fluctuates in a manner opposite of the Ross Ice Shelf drainage system. This seesaw behavior is attributed to the reduction in precipitation as the distance to open ocean increases when grounded ice advances through the Ross Sea Embayment during glacial periods [Denton and Hughes, 2000]. The current terminus location represents the furthest extent of Taylor Glacier during the Holocene, or last 12,000-14,000 years BP1 [Denton and Hughes, 2000; Higgins and others, 2000b]. During 10, 000-23,000 
14C yr BP, Glacial Lake Washburn occupied much of Taylor Valley, with depths of up to 250 m [Higgins and others, 2000b]. Taylor Glacier coalesced with neighboring alpine glaciers to flow down-valley as far east as Canada Glacier during the penultimate glacial advance, between 70,000 and 130,000 years BP [Hall and others, 2000]. Proglacial lake expansion, drawdown, and refilling have occurred repeatedly over the last „300,000 years [Lyons and

1 Throughout this section, multiple conventions (e.g., one million years ago, 1 Ma, and 1 Myr) and 
calibrations (e.g., years BP and 14 C yr BP) to describe dates in the past and durations of time are mixed 
together. Rather than a formal chronological reconciliation of different systems, all date and time references 
in this section follow the convention used by the original authors cited.
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Figure 1.4: Features in the Taylor Glacier terminus area. The term ‘promontory' is used in Chapter 2 to refer to an area of the terminus that extended into Lake Bonney during the 1990's. BF: Blood Falls, ELB, WLB: East, West lobes of Lake Bonney. The airphoto is not georeferenced or orthorectified; however, the Taylor Glacier terminus is about 500 m wide and the arrow pointing to the promontory has a heading of about 330°. This is a detailed view from the original image in Fig. 2A.38a in Chapter 2, Appendix A. Photo date: 22 November 1993, photo identifier: CA308200V0108 [US Geologic Survey, 2017].
others, 2005b]. During the last 3.47 Ma, the maximum terminus extent occurred close to 3.0 Ma ago, with more recent fluctuations occurring over a lesser extent of Taylor Valley [Denton and others, 1993; Wilch and others, 1993]. The interplay between the glacier terminus and fluctuations in lake level turns out to be a critical factor in the development of the Taylor Valley landscape as well as the basal ice of the glacier itself, as described in the sections below.
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1.2.2 Current understanding of Blood Falls
Blood Falls has been present and episodically active since some of the earliest observations of Taylor Glacier [Black and others, 1965; Keys, 1979; Mikucki and others, 2009; Lawrence, 2017]. The earliest published observation of a brine icing deposit was of an icing platform lateral to Taylor Glacier, in the area where Santa Fe Stream enters Lake Bonney [Hamilton and others, 1962]. Anecdotal evidence for wintertime events at the Blood Falls location start with Black's observations (including discussions with U.S. Navy pilots) describing an outflow event sometime between January and November 1962. The apparent source of the discharge was from an opening roughly 20 m above the base of the ice cliff. ‘Within 60 m. of that orifice several shear planes dipping up-glacier and many steeply inclined joints, mostly longitudinal, were stained the same color' [Black and others, 1965, p. 175]. A ‘longitudinal tension fracture' was observed extending up-glacier from the discharge source, with apparent downward surface displacement of the north side by a few meters compared to the south side [Black and others, 1965]. Keys [1979] noted orange-stained crevasse fill, ‘salty orange subglacial layers' (p. 83), and postulated structural control of the feature via a bedrock low or long-lived subglacial channel between source and outflow.The mechanisms controlling brine release at Blood Falls remain elusive. At the time of the proposal of the MIDGE pro ject, the passageway for the brine from the subglacial source to the surface was typically envisioned as a conduit of some sort, with potential fault control of the location of the brine source. Over the course of the pro ject, newer results have largely discredited the conduit theory and no further evidence of the subglacial fault has been found [Badgeley and others, 2017]. The current working model of Blood Falls brine transport consists of two parts: (1) hydraulic gradients driven by surface topography route overpressured brine towards several exit points, including the Blood Falls region of the terminus, and (2) fracture propagation through ice weakened by strain heating and latent heat release is eventually successful at breaching the surface of the glacier and the brine is released. In addition to discharge at Blood Falls, brine is also discharged subaqueously 
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directly into Lake Bonney [Lawrence and others, 2020] and occasionally through sediment at the lateral site. These discharge zones are also predicted from hydraulic potential modeling [Badgeley and others, 2017].It has been unclear to what extent meltwater-driven surface crevassing is involved in brine release events. Carmichael and others [2012] documented seismicity consistent with surface crevassing during the meltwater season. Yet many documented brine release events occur during the wintertime when no surface meltwater is readily available. In Chapter 3, we evaluate Rayleigh wave activity during a winter brine release event because these surface waves would be expected to occur with surface fracturing. If the dominant seismic sources are deeper in the glacier, body waves are expected to dominate the seismic signals [Deichmann and others, 2000].Geochemical evidence provides information about the activity of Blood Falls (or similar brine discharge) prior to historical observations. During a cold and/or dry period, which ended between 900-1200 years ago, the level of Lake Bonney dropped below the sill in the Narrows, isolating the east and west lobes [Lyons and others, 2000]. Starved of the relatively fresh Taylor meltwater, salinity in the east lobe increased as the ice lid sublimated — the ice lid did not reform until less than 300 years ago [Poreda and others, 2004]. The west lobe does not have the same evaporitic δ18O signal, which implies that input into the west lobe must have continued to be very saline throughout this time [Lyons and others, 2000]. Thus, any model of brine outflow at Taylor Glacier must allow for occurrence over at least the last millennium, during which the terminus of the glacier has advanced and the glacier has thinned.The marine origin of the Blood Falls brine source is well-documented, though the age of the solutes is difficult to constrain. Geochemistry of Lake Bonney waters and Blood Falls outflow reflect seawater that has been cryoconcentrated and modified by radiogenic weathering sources [Lyons and others, 2005b]. Microbes in the brine are similar to marine phylotypes [Mikucki and Priscu, 2007]. Earlier geochemistry data indicated the solutes in 
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Lake Bonney might be as old as 100,000-1,000,000 years [Lyons and others, 1999], but follow-up studies indicate the solutes could be from as long ago as Miocene time, though the geochemical data are not sufficient to narrow the maximum age down more precisely [Lyons and others, 2005b]. Towards the end of the Miocene, Taylor Valley was a deep fjord (6-7 Ma, Higgins and others [2000a]). Emergence of the valley floor began between 4.6-5.1 Ma [Elston and Bressler, 1981]; marine sediments in the Lake Bonney area became isolated from the marine source between 1.7-5.1 Ma [Lyons and others, 2005b]. Generally, researchers agree that Taylor Valley was flooded with seawater, though there is disagreement on the timing and sequence of events [Lyons and others, 2019].Subglacial hydrology, the preglacial marine system, and bedrock lithology influence bacterial diversity at Blood Falls [Mikucki and Priscu, 2007]. In turn, the microbially mediated chemical reactions and their byproducts influence the weathering of the subglacial substrate [Mikucki and others, 2004]. Outflow from Blood Falls is a major factor in the chemical mass balance of Lake Bonney [Lyons and others, 2005b]. Therefore, the Blood Falls brine must be considered in its larger context within the valley hydrologic system.
1.2.3 Groundwater connectivity and surface hydrology in Taylor Valley

Surface water and groundwater in Taylor Valley provide important hydrologic and chemical connections between the glacier, ephemeral stream, lake, and soil systems. Lake levels in the valley can rise and fall dramatically. During the period from 1972-2005, lake levels in Taylor Valley overall rose, with the most pronounced lake level rise occurring between 1972-1991 at Lake Bonney [Fig. 3, Barrett and others, 2008]. Following subsequent, but slower, drawdown of lake levels in Taylor Valley, one warm summer (2001-2002) resulted in 0.43-1.01 m of lake level rise, returning the lakes to previous levels [Barrett and others, 2008]. Interannual changes in lake levels are attributed to variations in inflow, rather than variations in ice-cover ablation [Bomblies and others, 2001]. According to one study, meltwater runoff from the supraglacial channels may account for about 1/6 of the input into Lake Bonney 
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(approximately 75% of the total input comes from monitored streams, with the remainder likely sourced by cliff melt [Johnston and others, 2005]). In Chapter 2, we propose a way in which dynamic lake levels may have affected terminus dynamics by initiating basal sliding of a localized portion of the terminus.Blood Falls is the surface manifestation of an extensive saline groundwater system in Taylor Valley. Shallow groundwater-sourced seeps occur occasionally during exceptionally warm summers in the Taylor Valley (e.g., the 2001-2002 austral summer); the geochemistry of these seeps differs from that of the ephemeral glacial meltwater streams that flow every summer [Lyons and others, 2005a]. Geochemistry of these seeps indicates extensive groundwater connectivity at least in the very shallow (10s of cm) subsurface [Levy and others, 2011]. Mikucki and others [2015] provided the first evidence for an extensive deep (few hundreds of meters) groundwater system connecting the brine-saturated sediments beneath Taylor Glacier directly to Lake Bonney.
1.2.4 Taylor Glacier: basal thermal regime and dynamics, hydrology, and seismology

Basal thermal regime and glacier dynamics: The basal thermal regime in the lower ablation area of Taylor Glacier has been somewhat contentious. Robinson [1984] estimated that up to 50% of the lower ablation region might be warm-based using ice thickness data and estimates of geothermal flux, strain heating, and vertical and horizontal advection of cold ice. Basal slip was invoked to account for a portion of the measured surface velocities. In contrast, modeling by Higgins and others [2000a] indicates that Taylor Glacier is cold-based. Their models with warm-based ice in the region indicated by Robinson [1984] could not reproduce the measured ice thickness and velocities. Hubbard and others [2004] described an overdeepening of the bed about 3-6 km upstream of the terminus. In this zone, high bed reflective power based on analysis of ground penetrating radar data indicated basal water, saturated sediment, or temperate ice. Since modeled basal temperatures were no warmer than —7°C, the zone was interpreted to be brine-saturated sediment [Hubbard and others,
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2004]. The overdeepening has been interpreted as a third lobe of Lake Bonney that was overridden by the glacier [Lyons and others, 2005b]. Kavanaugh and Cuffey [2009] found greater ice thicknesses than those of Robinson [1984], but similar to Hubbard and others [2004] in the lower terminus. In the deepest subglacial trough, the basal ice temperatures might be close to melting if brine is present. Thus, the idea of a warm bed under ‘up to 50%' of the lower ablation region as described by Robinson [1984] is now discredited, though the possibility that some localized regions may reach the melting point cannot be excluded [Kavanaugh and Cuffey, 2009].In contrast to discrepant interpretations of basal temperatures, measured surface velocities in the ablation zone of Taylor Glacier show good correspondence, as would be expected. Near-terminus velocities were measured to be between 0.5 m a 1 and 14.4 m a 1 by Robinson [1984]. Notably, the survey lines located closest to the terminus (lines ‘A' and ‘B' in [Robinson, 1984]) yield velocity vectors that seem to indicate a spreading (towards the northeast) of flow in the lowest terminus region near Blood Falls. Considering velocities across the entire glacier, Kavanaugh and Cuffey [2009] reported similar ice velocities in 2002-2004 as from 2000, and these were comparable to those measured in the mid-1970's by Robinson [1984]. Fast flow concentrates above a central bedrock trough, flow speeds up over bedrock highs and in narrows and slows down in overdeepenings and where the valley widens out. Typical velocities are on the order of 5-15 m a 1 [Kavanaugh and Cuffey, 2009]. Pettit and others [2014] measured velocities in the lowest terminus region that are similar in magnitude to previous studies and also indicate the same spreading pattern as in the Robinson [1984] measurements near the Blood Falls area of the northern terminus. The ratio of depth-averaged to surface velocities is around 0.855 in the ablation area. This is higher than the expected value of 0.8 for isothermal glaciers with no basal sliding; the higher ratio is attributed to the deepest, warmest layers of Taylor Glacier undergoing enhanced deformation relative to the rest of the ice [Kavanaugh and others, 2009]. In the lowest terminus region, a 10-15m 
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thick layer of basal ice deforms between 20-40 times more easily than the overlying ice and accounts for 85-98% of the observed surface velocities [Pettit and others, 2014].
Glacier hydrology: Taylor Glacier is typically described as cold-based, except perhaps where thick ice fills an overdeepening 3-6 km upstream from the terminus and a subglacial hypersaline brine may depress the freezing temperature [Hubbard and others, 2004; Kavanaugh and Cuffey, 2009]. Hydraulic potential along a glacier bed depends more strongly on surface slope than on basal topography [Shreve, 1972]. Hydraulic potential modeling indicates that any basal water flow would converge „5 km from the terminus, and diverge away from the centerline towards the glacier margins closer to the terminus [Hubbard and others, 2004]. Hydraulic potential modeling of the terminal „3 km of the glacier based on ice thickness data also suggests that subglacial flow is diverted towards the northern margin of the glacier terminus (i.e., towards Blood Falls), driven by surface topography controls imposed by the deep surface channels in the lowest terminus region [Badgeley and others, 2017].Unlike temperate glaciers, cold glaciers such as those in the McMurdo Dry Valleys are not expected to develop complex englacial drainage systems due to cold ice temperatures and low meltwater flux [Fountain and others, 1998]. However, a shallow near-surface zone of ice may transmit meltwater, and shallow (<1 m) melt pools can form, sometimes capped by a thin ice layer [Fountain and others, 1998]. Results of energy balance models indicate that small subsurface melt occurs about three times as often as surface melt and < 50 cm below the surface. This may occur only where debris is present (cryoconite holes) or in refrozen fractures filled with less bubbly ice [Hoffman and others, 2008]. At nearby Canada Glacier, subsurface melting occurs in ice-lidded cryoconite holes; electrical conductivity measurements indicate these holes have connectivity with a subsurface (below the glacier surface) water system [Fountain and others, 2008].In other glacial environments where meltwater flux is large enough, such as in some locations in Greenland and the Canadian High Arctic, meltwater-filled crevasses can penetrate 
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to the base of cold glaciers and create temporary subglacial drainage systems [e.g., Boon and Sharp, 2003]. As yet, surface meltwater has not been documented to reach the bed of dry valleys glaciers. The subglacial, englacial, and supraglacial components of the Taylor Glacier hydrologic system are further discussed in Chapter 3.
Glacial seismicity: Correlation of observed seismic signals with dynamic events on glaciers (lake drainage, ice shelf rift propagation) provides information about the physical mechanisms involved. For instance, Das and others [2008] note increased seismic energy in the hour immediately following drainage of a supraglacial lake on the Greenland Ice Sheet, which they attribute to ice fracturing. The fractures created through the cold ice are driven by water-filled crevasses supplied by large lakes. Elevated seismic activity began about 30 minutes before the rapid lake drainage period began. Mikesell and others [2012] used crosscorrelation based event identification to detect earthquakes associated with crevasse propagation at Bench Glacier, AK. The crevasse propagated over 200 m in 3 hours. Helmstetter and others [2015] suggest a source mechanism of hydraulic fracture for englacially-sourced icequakes they observed at Glacier d'Argentiére, France, in part based on p-wave polarities indicating tensile failure.A previous seismic study at Taylor Glacier [Carmichael and others, 2012] focused on event location and determination of source mechanisms. During portions of the 16-month long monitoring period when melt was not occurring, seismicity was characterized by a diurnal signal of microseisms in Lake Bonney ice as well as in the glacier ice. When melt was occurring, a different seismic regime was observed, with large glacial events dominating the signal. Waveform correlation and clustering demonstrated that 18% of these events were repetitive and located along the trend of the Blood Falls surface crack. Furthermore, the dominant mechanism for the melt-season multiplets was that of tensile (mode 1) cracking. Carmichael and others [2012] propose that during melting events, meltwater entering the surface crack at Blood Falls drives hydraulic fracture and allows the crack to propagate deep into the glacier to reach the source of the Blood Falls brine. However, brine release 
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events are not always coeval with periods of melt; in Chapter 3, we document a wintertime brine release that occurred in the absence of melt. During these periods, a mechanism other than hydraulic fracture propagation of surface cracks downward must exist. We propose in Chapter 3 that basal fracture upward into the glacier provides this mechanism.
Basal ice and subglacial till processes: A distinctive basal ice layer outcrops along the margins of Taylor Glacier for 1.5-2.0 km up-glacier from the terminus; however, the full layer thickness is difficult to determine since the base is buried by morainal debris and ice aprons [Higgins and others, 2000a; Pettit and others, 2014]. Widespread hummocky till deposits are present throughout the valley. These were initially interpreted as evidence for warmbased conditions of Taylor Glacier in modern times as well as during periods of expanded extent [Robinson, 1984]. Debris-rich basal ice layers have traditionally been attributed to warm-based glacier beds, where melting and refreezing, plucking, and abrasion are dominant mechanisms, though other studies have demonstrated that entrainment of debris can occur at cold-based glacier beds [Cuffey and others, 2000; Hubbard and others, 2004].The hummocky morainal deposits in Taylor Valley are no longer considered definitive evidence of temperate basal ice [Higgins and others, 2000a,b]. An alternate explanation for these deposits is that cold-based ice advanced onto lacustrine deposits from saline proglacial lakes and previously thawed sediment froze onto the glacier base. As the glacier advances into the lake, basal and near-basal debris are thrust upwards [Higgins and others, 2000b]. The basal ice observed in the modern Taylor Glacier is attributed to entrainment of lacustrine sediments as Taylor Glacier advanced into either a now-subglacial third lobe of Lake Bonney or a western extension of the modern west lobe [Higgins and others, 2000a].After entrainment, the debris-rich basal ice deforms rapidly. Samyn and others [2005] describe evidence for localized ductile deformation in the cold (—17°C) Taylor basal ice. Foliation, elongated bubbles, and strain figures are consistent with simple shear currently taking or previously having taken place in the basal layers. Cuffey and others [2000] describe a debris-rich basal layer at nearby Meserve Glacier and determine that till entrainment and 
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bed deformation can occur at subfreezing temperatures due to the presence of interfacial water films. This provides further evidence that the hummocky moraines in Taylor Valley do not necessarily imply a warm-based expansion of Taylor Glacier.These studies suggest that expansion and contraction of Taylor Glacier is not due to changing basal temperature regimes, but rather, relates to the interplay of local conditions at Taylor Dome, regional conditions of the West Antarctic Ice Sheet (WAIS), and global sea level fluctuations. When sea level is low and the Ross Sea sector of the WAIS expands, accumulation in the Taylor Dome region decreases, and Taylor Glacier retreats. As the Ross Sea grounding line retreats, accumulation increases in the Taylor Dome region, and Taylor Glacier expands [Higgins and others, 2000a,b]. Changes in Taylor Glacier extent should thus not be directly attributed to overall East Antarctic Ice Sheet variations, but rather to variations in local conditions at Taylor Dome [Kavanaugh and others, 2009].
1.3 Description of data sets used in this study

Fieldwork related to this project was conducted by University of Alaska Fairbanks researchers during the 2013-2014 and 2014-2015 austral summers; the author was a field team member in 2013-2014. Fieldwork during the first season included: collecting ground penetrating radar data, installing a network of seismometers, and installing two time-lapse cameras. Four of the seismometers were removed at the end of the summer season, and the remaining three seismometers and two time-lapse cameras were removed during the 20142015 season. While the ground penetrating radar data are not explicitly analyzed in this dissertation, related analysis and ice thickness estimates based on these data inform discussion of the hydrologic system in the Taylor terminus area (see Badgeley and others [2017] for details).
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1.3.1 Seismic data
A network of 7 seismic stations was installed in November 2013 with 5 geophones located on the glacier and 2 geophones located on land to the north and south of the glacier terminus. Four of the on-ice stations (ERIN, JACK, JILL, and TACO) were demobilized in January 2014. The remaining on-ice station (JESS) and 2 land-based stations (CECE and KRIS) were demobilized in January 2015 (Fig. 3.2 in Chapter 3 shows seismometer locations). On-ice sensors were placed in 1 m deep boreholes, leveled, and ice chips were used to backfill the boreholes. Land-based sensors were placed in 0.5m deep holes dug into the cobble- filled sediment, leveled, and the holes were backfilled with original material (Fig. 1.5). All winter stations and one summer-only station (ERIN) were L-22 geophones, and the remaining summer-only stations (JACK, JILL, and TACO) were L-28 geophones. All stations recorded at 200 Hz. The seismic data used in Chapters 3 and 4 are available for public access through the International Federation of Digital Seismograph Networks via the IRIS Data Management Center [Pettit, 2013, www.fdsn.org/networks/detail/YW_2013].No power failures resulting in large (greater than a few minutes) data gaps occurred during the period of record for the summer-only stations. Power loss at one of the winter stations (KRIS) resulted in a data gap from 29 June 2014 - 1 October 2014. The remaining winter stations (CECE and JESS) recorded for the duration with no large data recording gaps. Only the three stations that recorded during the winter are used in the seismic analyses described in Chapters 3 and 4.

1.3.2 Time-lapse imagery data
Two time-lapse cameras were installed: one with a direct view of Blood Falls across a portion of the west lobe of Lake Bonney and the other with a side view of Blood Falls. Both cameras were installed in December 2013, serviced in January 2014, and removed in January 2015. Intervals between image collection were set at 1 hour for the direct view camera and 2 hours for the side view camera. Images recorded before the January 2014
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Figure 1.5: Land-based seismometer station KRIS and co-located time-lapse camera. The seismometer is buried in the sediment under the smallest rock cairn connected by a line of small rocks to the boxes behind the solar tower. The white box houses the camera. Photo:Chris Carr, photo date: December 2013.
service are out of focus and largely unusable. Power supply for the direct-view camera failed after 27 January 2014, also affecting a co-located time-lapse thermal camera. There are no images from the thermal camera after this date. However, photo data collection resumed temporarily when the direct-view camera captured images between 16-29 September 2014. The side-view camera was co-located and shared a power supply with one of the winter seismic stations (KRIS, Fig. 1.5); a data gap from late June 2014 - late September 2014 occurs in the time-lapse imagery when the shared power supply failed, though a few single images were collected in late August and mid-September (Chapter 3). A winter brine release event was captured on camera; data documenting this event are used in Chapters 2 and 3.
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Time-lapse photo data are available through the US Antarctic Program Data Center [Pettit, 2019, www.usap-dc.org/view/dataset/601167].
1.4 Dissertation outline

In this dissertation, time-lapse imagery and seismology are used to document a winter 2014 brine release event and year-round environmental microseismicity. Historical observations dating back to 1903 are used to compile a history of brine icing deposit observations, and reinterpret an advance of a small portion of the terminus.This dissertation consists of three chapters. The overarching research questions addressed by the chapters are as follows.
• Chapter 2: What is the history of observed brine icing deposits prior to designation of the McMurdo Dry Valleys Long-Term Ecological Research site?
• Chapter 3: What do wintertime brine release events indicate about possible triggering mechanisms for Blood Falls activity? During brine release, is there evidence for elevated surface-wave activity typically associated with shallow seismic sources?
• Chapter 4: How do seismic detection strategies influence the measured seismicity?
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Chapter 2: Interpreting the history of Blood Falls and the Taylor Glacier terminus through photographs and field observations1

1 Manuscript in preparation with first author C.G. Carr and coauthor E.C. Pettit

2.1 Abstract
Taylor Glacier and Taylor Valley in Antarctica have piqued curiosity since their discovery in 1903, hosting field teams from many countries over the ensuing decades. Episodic release of iron-rich brine at and near the glacier terminus forms visually striking features like Blood Falls; however, the triggering mechanism behind these releases is yet unknown. We compile a detailed history of observations of the Taylor terminus area based on photographs, journals, field reports, oral history interviews, and published papers, with the particular goal of better understanding the brine release activity. We develop scales for evidence quality and date reliability to provide confidence assessments on our interpretation of the presence or absence of Blood Falls-associated brine icing deposits for each season for which observations are available. In doing so, we document at least two summer seasons with brine icing deposit observations not previously reported in other compilations of Blood Falls activity. We also propose an alternate interpretation of terminus change observed in the late 1990's at Taylor Glacier. Rather than an advance due to temperature-driven ice viscosity changes, we propose that rising lake level induced localized basal sliding, leading to rapid advance, thinning, and subsequent collapse of a small section of the terminus.

2.2 Introduction
Taylor Glacier is an outlet glacier of the East Antarctic Ice Sheet, terminating in Taylor Valley, one of the McMurdo Dry Valleys (Fig. 2.1). At the terminus, an episodic iron- rich hypersaline discharge from the glacier surface produces the feature called Blood Falls. A subglacial groundwater system provides the source for Blood Falls [Mikucki and others, 2015], as well as for direct subaqueous discharge into the western lobe of proglacial Lake 
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Bonney [Lawrence and others, 2020]. A similar iron-rich saline discharge occasionally occurs at the ground surface near where Santa Fe Stream enters Lake Bonney on the north side of the Taylor terminus near Blood Falls [Keys, 1979]. Exact recurrence intervals for brine discharge from the glacier or lateral site are not known; however, data from our study and prior compilations indicate that discharge event time scales are on the order of weeks to perhaps a few months in duration and occur several times per decade.

Figure 2.1: Features in the Taylor Glacier terminus area. The term ‘promontory' is used in this paper to refer to an area of the terminus that extended into Lake Bonney during the 1990's. BF: Blood Falls, ELB, WLB: East, West lobes of Lake Bonney. The airphoto is not georeferenced or orthorectified; however, the Taylor Glacier terminus is about 500 m wide and the arrow pointing to the promontory has a heading of about 330°. Detail from the original image in Fig. 2A.38a in Appendix A. Photo date: 22 November 1993, photo identifier: CA308200V0108 [US Geologic Survey, 2017].
When water from groundwater springs or other sources is released to the surface and freezes, the resulting ice deposit is variously termed naled, aufeis, overflow, or icing; we use 32



the term icing in this paper to refer to frozen brine deposits at the glacier, moraine, lake ice, or sediment surface. Observations of brine at the glacier are not limited to icings: red- stained layers in the exposed basal ice of Taylor Glacier have been reported up to 600 m from the terminus along the north side and up to 800 m along the south side [Keys, 1980, p. 255]. While much is known about the brine geochemistry and microbiology [e.g., Mikucki and others, 2009; Campen and others, 2019; Lyons and others, 2019], physical and chemical signatures of brine release into Lake Bonney [e.g., Lawrence and others, 2020], spatial extent of the brine-saturated subglacial sediment [e.g., Mikucki and others, 2015], and influences of glacier thickness on routing subglacial brine movement [e.g., Badgeley and others, 2017], the triggering mechanisms for brine release are still unknown (see Chapters 1 and 3 for summaries of Blood Falls-related research).Taylor Glacier and Taylor Valley were first observed by Robert Scott, William Lashly, and Edgar Evans, members of the British National Antarctic Expedition, on 18 December 1903 [Scott, 1907, p. 213-215]. The next field team at the Taylor terminus was the Western Geological Party of the British Antarctic Expedition when Griffith Taylor, Edgar Evans, Frank Debenham, and Charles Wright explored the Taylor Valley during the first week of February 1911 [Taylor, 1916, p. 133-146]. The first airphotos of the area were taken during February 1947 as part of the U.S. Navy Antarctic Developments Program [‘Operation Highjump', Roscoe, 1966; Bertrand, 1971].The designation of 1957-1958 as the International Geophysical Year (IGY) spurred a rapid increase in Antarctic scientific research, and led to more detailed airphoto coverage of Taylor Valley as well as the first on-the-ground teams since the 1911 field party. Over the following three decades (through the early 1990's), field parties from countries including Japan, New Zealand, and the United States conducted single- to multi-year research projects in Taylor Valley. Following selection as a U.S. National Science Foundation Long-Term Ecological Research (LTER) Program site in 1992, McMurdo Dry Valleys LTER (MCM- LTER) teams have conducted field studies in the Dry Valleys every Antarctic field season 
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through the 2019-2020 field season. In this paper, observations of the Taylor terminus between the 1903-1904 and 1993-1994 summer field seasons are investigated. With the initiation of the MCM-LTER project, meltwater and/or outflow from the ‘Red River' site (draining Blood Falls) has been collected for geochemical analysis during nearly all summer field seasons [Lyons and others, 2005; Lawrence, 2017; Lyons and others, 2019]. We therefore focus on compiling and interpreting the record prior to the more consistent MCM-LTER monitoring of the area.The brine released from Blood Falls contains active microbial life; the microbial ecosystem is used as an analog for potential life on icy planets and moons as well as on Neoproterozoic Snowball Earth [Mikucki and others, 2009; Campen and others, 2019]. The Blood Falls area of Taylor Glacier (including a subglacial zone) was designated as an Antarctic Specially Protected Area (ASPA) under the Antarctic Treaty System in 2012 [Secretariat of the Antarctic Treaty, 2012]. However, as with the other McMurdo Dry Valleys, Taylor Valley's hydrologic systems can change rapidly [Doran and others, 2008; Gooseff and others, 2017]. Particularly notable in the context of the Taylor terminus is the rising lake level of Lake Bonney, which may disrupt the hydrologic system sourcing Blood Falls [Priscu and Howkins, 2016; Badgeley and others, 2017].Here we provide a more complete record of austral summer (hereafter, ‘summer') field season observations of the Blood Falls area at the Taylor Glacier terminus, and include observations both of Blood Falls activity as well as inactivity. The earliest multi-year record [Black, 1969] documents summer seasons with observations supporting a brine release during the prior winter as well as summer seasons with observations supporting no preceding brine release. However, subsequently published compilations of brine release events do not distinguish between seasons without observations and seasons with observations of no Blood Falls activity (Table 1, Keys [1979]; Table 8.1, Keys [1980]; Table 2, Lawrence [2017]) — that is, the distinction is not clear between absence of evidence and evidence of absence.
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This distinction is critical to provide a baseline of historical activity for future assessments of changes in the Blood Falls system.
2.3 Data and sources

The increasing availability of online historical and photo archives enabled this investigation. In particular, the McMurdo Dry Valleys Historical Archive (hereafter ‘MDV Historical Archive', Howkins and others [2020]), Antarctica New Zealand Image library (with the support of Archives New Zealand; hereafter ‘Antarctica NZ archive', Antarctica New Zealand Pictorial Collection [2020]), and archives from various universities and institutions (e.g., the Byrd Polar Research Center, the Scripps Institute of Oceanography, and the U.S. Antarctic Program) hosted much of the data and contextual information used in this project. Airphotos taken in Antarctica during 1946-2000, including black and white trimetrogon aerial photography collected by the U.S. Navy, are available through a collaborative effort between the University of Minnesota Polar Geospatial Center (PGC) and the United States Geological Survey (USGS) Earth Resources Observation and Science (EROS) Data Center [US Geologic Survey, 2017].Details of expeditions and field research, including observations of the Taylor terminus, are available through personal journals [e.g., Taylor and Hanley, 1979], popular accounts [e.g., Scott, 1907; Taylor, 1916], and Antarctic season reports provided by different national programs, as well as in conventional peer-reviewed published literature. National program reports used in this study include: the New Zealand Antarctic news bulletin and Victoria University of Wellington Antarctic Expedition reports, the Japanese National Institute for Polar Research Antarctic Record, and the Antarctic Journal of the US and its predecessors2.
2 Antarctic Journal of the US predecessors: the Antarctic Status Report by the U.S. National Committee 

for the International Geophysical Year (published 1956-1958), the Bulletin of the U.S. Antarctic Projects 
Officer (published 1959-1965), the Antarctic Status Report (published 1962-1963), and the Antarctic Report 
(published 1964-1965).

Observations of the Taylor terminus are included in Appendix A. These are organized by field season, and also include lists of field party members for many of the seasons. This 
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compilation is intended to serve as a resource for future investigations to assist researchers with cross-referencing field team members with specific summer seasons as more historical observations become available.
2.4 Methods

Broadly, our methods consist of 1) accumulating observations of the terminus from a variety of sources, 2) determining accuracy of date of observation listed by the source, 3) determining if an observation indicates a new brine release or icing deposit since the previous summer season, and 4) providing a confidence assessment on the icing deposit/no deposit determination. Whenever possible, events were also assigned a release type, either glacial source (fan-shaped icing deposit draped over the moraine) or lateral source (icing deposit in the area just north of the terminus margin where Santa Fe Stream flows into Lake Bonney).For the purposes of documenting field observations, this paper uses a simplified two- season approach: October through February are considered summer, and March through September are considered winter. This designation is driven by the practical aspect of when people are typically in the field, and is similar to the climatically-based definition of McMurdo Dry Valleys seasons provided by Obryk and others [2020], wherein October is spring, November-February are summer, March is autumn, and April-September are winter. In prior compilations, the designation of season boundaries is not always clear. For instance, Black [1969] describes brine releases occurring during the 1962 and 1968 austral winters but does not specify which months were considered winter months.
2.4.1 Accumulate observations

To obtain observations, keyword (e.g., ‘Taylor Glacier', ‘Blood Falls', ‘saline discharge') and brute force searches through the sources listed above yielded a variety of photos, documentary films and other video footage, oral history interviews, sketches and other artwork, as well as written descriptions of the Taylor terminus area, including the Blood Falls icing 
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fan and lateral icing deposits resulting from saline groundwater discharge near the terminus. No attempt is made to georeference or orthorectify photos; we rely on our subjective judgement to determine approximate locations depicted in photos. The only adjustments we performed to photos were zooming in using basic software capability and flipping photos in the left-right sense as needed (see below); we performed no color adjustment to photos.A few challenges were encountered during data collection and interpretation, the most common are described below.
Data and metadata errors: Some photos in archives are mislabelled, either with incorrect seasons, photographers, or locations; some photographs are reversed laterally (i.e., photographic negative or slide was flipped when the photo was digitized or scanned). For all instances when we interpret a different season for an observation than that listed by the source archive, rationales are provided in the detail field season observation descriptions (Appendix A).We exercised discretion based on personal knowledge of the field area to flip photographs in a left-right sense as needed. For instance, if Rhone Glacier (Asgard Range) is in the background of a photo, Taylor Glacier should appear to flow from left to right; if Calkin Glacier (Kukri Hills) is in the background, Taylor Glacier should appear to flow from right to left. We also exercised discretion to use photos that were labelled with ‘unknown lake', or ‘Lake Vanda' when the location is clearly Lake Bonney based on the Taylor terminus, Rhone Glacier, and/or Calkin Glacier in the background.
Multiple names for the same physical features: Many feature names have changed since initial observations. Taylor Glacier was initially described as the North Arm of the Ferrar Glacier [Scott, 1907, p. 213], North Fork (entry from 1 February 1911, Taylor [1911], available in the McMurdo Dry Valley History archive as MCMEH-A000007, Howkins and others [2020]) and ‘Dry Valley Glacier', [Taylor, 1916, p. 122]. Taylor Dry Valley was initially ‘the Dry Valley' or ‘Dry Valley', and then ‘Taylor Glacier Dry Valley' [Taylor, 1922, p. 96] until it was formally renamed ‘Taylor Valley' in 1961 [Alberts, 1961, p. 17]). Most importantly, 
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Blood Falls was not officially recognized by the Advisory Committee on Antarctic Names until April 2014, though papers including the name Blood Falls were published at least as early as 2000 [Lyons and others, 2000]. In the preceding years, any red/orange/yellow discoloration near the Taylor terminus was variously referred to as ‘Taylor's Red Cone', ‘Taylor Red Deposit', the ‘Taylor saline discharge', ‘Taylor Red Melt', ‘Red River', and so forth. Thus, some archive photos are anachronistically titled ‘Blood Falls' and others use a wide variety of names for the feature, precluding a simple keyword search from finding many relevant photos.
Ambiguous observation dates and seasonal observation bias: A single summer field season in Antarctica crosses calendar years, for instance 1963-1964. Therefore, a summertime photo identified only by year (1964) is ambiguous in terms of which summer season the photo is from (1963-1964 or 1964-1965). To further complicate matters, some single-year naming conventions reference the winter season after the summer season (e.g., the American ‘Deep Freeze 61' began with the summer 1960-1961 field season and continued through winter 1961), while some researchers use the opposite convention (e.g., Table 1 in Lawrence [2017] uses a single-year system wherein ‘1990' refers to winter 1990 as well as the following 1990-1991 summer season). Further, the observation record is seasonally biased due to the seasonality of Antarctic field work.
Uncertainty in event timing and variability in icing observability: As noted by previous researchers [including Keys, 1979; Mikucki and others, 2004], fresh outflow deposits from Blood Falls are much lighter in color — as the iron in the deposit is exposed to air, it oxidizes and the deposit becomes a darker red (Fig. 2.2). Thus an older deposit may be more visually noticeable by its color contrast than a more recent deposit. Further, the brine deposits melt at cold temperatures (relative to freshwater ice) so any fan or icing deposit will be modified over the course of a summer, as described below.
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2.4.2 Determine observation date accuracy
For photos that have not been previously published, additional scrutiny was applied to the dates listed in the online archive source. Whenever possible, field seasons were confirmed using participant lists (e.g., the Antarctic Record, Antarctic Status Report, university field reports), items present in a photo (e.g., structures placed in streams for the MCM-LTER project, field equipment labelled with a specific field team's season name), or confirmation from other accounts (e.g., oral histories).

2.4.3 Determine if observation indicates brine release/icing deposit
In developing a chronology of Blood Falls brine release events, we assert that 1) periods of Blood Falls activity and non-activity should both be documented, and 2) a clear distinction should be made between absence of evidence (time periods when no observations of the terminus were collected) and documented evidence of absence (time periods when observations of the terminus were collected but did not include Blood Falls activity, such as a photo of the Blood Falls area with no visible icing deposit). For this study, any photo or description of icing deposited on lake ice, draped over the moraine, or in the Santa Fe Stream bed that does not appear to be a modified remnant from a prior summer season, or observations of active flowing saline water from the Blood Falls crack or lateral spring is deemed sufficient evidence for a brine release. The presence of red infilling (refrozen brine) in cracks near the terminus alone is not considered sufficient evidence for a brine release. As part of the englacial hydrologic system (documented by Badgeley and others [2017]), brine can be injected into cracks, refreeze, and advect forward to be exposed at the terminus. Frozen brine-filled cracks at the terminus have been observed years after a brine release [Black, 1969], and in some cases may represent advection of brine-filled cracks from brine injection events that never reached the glacier surface.

39



2.4.4 Assess confidence in brine deposit determination
To provide a qualitative confidence assessment of occurrence vs. absence of a brine icing deposit based on available evidence, we developed the following confidence language framework. The framework is based on evaluations of up to three factors: reliability of the observation date (Table 2.1), quality of the observation/evidence (Table 2.2), and timing of observation within the summer melt season. Table 2.2 allows for the principle that in a lower resolution color or even high resolution black and white photo, it is often easier to judge that an icing is present based on contrast in the photo than to judge that no icing is present.Table 2.1: Observation date reliability rating scale

Rating Scale Selected Examples

0 no reliable date (no date provided, or 
same photo attributed to many seasons by various sources)

1 date lists single year (1964 vs. 1964-1965), or 
source dates yield conflicting evidence

2 date of photographer's field season circumstantially determined in 
this study and does not conflict with other published observations

3 multiple sources agree on date, or 
published date for single source from original observer

Table 2.2: Observation evidence quality scale
Quality Scale Selected Examples

0 airphoto taken from too far away or resolution too low

1 written description or field sketch with 
no mention of presence/absence of Blood Falls 

high resolution black and white airphotos (icing presence unclear)

2 high resolution black and white airphotos (with icing visible)

3 photo of Blood Falls area, 
written description of icing deposit over lake ice, 

written description noting absence of fan
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Blood Falls fan deposits have been observed to be melting at temperatures as low as approximately — 10°C [Black and others, 1965], and liquid brine has been sampled flowing from Blood Falls at —5°C [Mikucki and others, 2009]. The icing or fan-shaped build-up from a winter brine release undergoes modification by ablation processes (melt, sublimation) during the summer season. For example, a brine release event was captured by time-lapse camera during the winter of 2014 (Fig. 2.2, see Chapter 3 for details of the time-lapse camera data collection). The fan-shaped icing began to build in mid-May (Fig. 2.2B), with continued deposition at least until power failure halted image collection in mid-June. By 22 August 2014, when intermittent image collection restarted, the fan had already begun to disappear. Over the subsequent weeks, sublimation and melt removed parts of the icing deposit. During October and into mid-November, liquid was moving down the fan surface, though it is unclear if this was additional Blood Falls brine discharge, or meltwater from preexisting icing deposits. By mid-December, melt channels were visibly incised into multiple parts of the fan, large parts of the fan had been removed, and the remaining deposit changed colors from a light pink/orange to a more prominent darker red. The last photos were captured in mid-January, and the areal extent of the brine deposit was greatly reduced compared to the prior months, in part due to flooding by the lateral streams and Lake Bonney moat.
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Figure 2.2: Time-lapse photos documenting a winter 2014 brine release event that was first visible on 13 May 2014 [photo data: Pettit, 2019]. (a) Late summer photo prior to brine release, (b) winter photo of icing deposit after 17 days of brine discharge, (c)-(f) subsequent modification of the icing fan via melt, ablation, incision by liquids (surface meltwater and/or additional subglacially-sourced brine), and (g)-(h) further modification via flooding by the lateral stream and Lake Bonney moat.
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This example demonstrates that for an observer to see evidence of a brine-release that occurred in the winter season immediately preceding the observation, the timing of the observation could influence the interpretation of when the brine release had happened. Following the same winter event, a hypothetical observer in October would notice a much larger, but lighter colored deposit than an observer in early February, who would see a smaller but much darker red deposit, perhaps only present on the moraine. As noted by Lawrence [2017], the summertime melt around the margins of Lake Bonney as well as inflow from lateral Santa Fe Stream and Lawson Creek can essentially reset the system: as a winter fan icing melts, it mixes into these other water sources, and the lake margins refreeze the next winter. Red deposits can persist draped across the moraine, as well as in filled cracks in the glacier where previously injected brine has refrozen and advected to the front of the glacier. Presumably, when lake levels are lower, a fan deposit may be able to persist longer without flooding relative to when lake levels are higher.We combine scores from Table 2.1 and Table 2.2 to provide a confidence level assessment (Column 3 of Table 2.3) ofour interpretation ofthe presence or absence ofbrine icing deposits (‘Y' or ‘N' in Column 2 of Table 2.3) for each season as follows:
• Unclear: A score of 0 on either rating scale with no further evidence yields an unclear interpretation (‘U' in Column 2 of Table 2.3) and no confidence assessment is made;
• Low confidence: score of 1 on one rating scale with a score of 1 or 2 on the other;
• Medium confidence: score of 2 on one rating scale with a score of 2 or 3 on the other, or score of 3 on one rating scale with a score of 1 on the other; and
• High confidence: score of 3 on both rating scales.
Each summer field season was assigned one ofthe above interpretations ifany observations were found in this study. Seasons with no observations found by us but for which observations likely exist (people were present in the area for fieldwork) are also designated as such with
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the ‘-' symbol in Column 2 of Table 2.3. In a few instances, we were unable to find the primary source photo upon which a prior researcher made a brine release/no brine release assessment. In these cases, we defer to the prior researcher's assessment and note this in the table.
2.5 Results
2.5.1 A revised history of Blood Falls events

We compiled observations and our interpretations for summer seasons 1903-1904 through 1993-1994 for which we found field observations and/or photos. The summary assessment is provided in Table 2.3. For seasons between 1903-1904 and 1910-11, between 1910-1911 and 1946-1947, and between 1946-1947 and 1955-1956 no observations of the Taylor terminus area are thought to exist.The compilation includes previously unreported events, as well as modifications to the timing of some events reported in other compilations [Black, 1969; Keys, 1979; Lawrence, 2017]. We report evidence for brine deposits observed during at least two seasons that have not been reported in other compilations: 1969-1970 (high confidence) and 1981-1982 (medium confidence). Additionally, we document seasons for which observations indicate no brine deposits were present (e.g., 1989-1990); prior compilations included this information for some but not all seasons preceding publication. Unless noted as ‘new this study' or ‘different interpretation', all seasons with brine deposits identified in this study are listed in Black [1969], Keys [1979], Keys [1980], and Lawrence [2017] if the season predated the respective publication.As an example, we summarize observations from the 1969-1970 season and our interpretation and confidence assessment. For details about the available observations, our interpretations, and potential sources for additional observations for all summer seasons listed in Table 2.3, we refer the reader to Appendix A.
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Table 2.3: Presence and absence of observed brine deposits at Taylor Glacier. In the notes column, we indicate seasons for which our interpretations differ from previous compilations (we interpret a deposit but prior authors stated no event). If we were unable to find primary sources, the notes column lists secondary sources on which we based our interpretations.
Observation 

season1

Brine 
deposit2

Confidence 
level

Date 
reliability

Evidence 
quality

Location3 Notes

1903-1904 N low 3 1
1910-1911 Y low 3 1 G?
1946-1947 U 3 0
1956-1957 N med 3 2
1957-1958 Y med 3 2 L
1958-1959 Y high 3 3 L
1959-1960 Y low 2 1 G different interpretation
1960-1961 -
1961-1962 Y med* 1 3 G
1962-1963 Y high 3 3 G
1963-1964 Y low 3 1 G different interpretation
1964-1965 -
1965-1966 N high 3 3
1966-1967 N high 3 3
1967-1968 Y med 3 2 G(+L?) Keys [1979]
1968-1969 Y high 3 3 G
1969-1970 Y high 3 3 G new this study
1970-1971 N med 3 2
1971-1972 Y high 3 3 G(+L?)
1972-1973 Y high 3 3 G(+L?)
1973-1974 N low* 3,1* 1,3*
1974-1975 N med 3 2
1975-1976 Y med 3 2 L Keys [1979]
1976-1977 Y high 3 3 L+G
1977-1978 Y high 3 3 G incl. in Keys [1980] only
1978-1979 Y high 3 3 G+L
1979-1980 -
1980-1981 Y low 3 1 G new this study
1981-1982 Y med 2 3 L(+G?) new this study
1982-1983 N low 3 1
1983-1984 -
1984-1985 -
1985-1986 -
1986-1987 -
1987-1988 -
1988-1989 -
1989-1990 N med 2 3
1990-1991 Y high 3 3 G
1991-1992 Y high 3 3 G
1992-1993 -
1993-1994 Y high 3 3 G(+L?)

1 No observations are thought to exist for seasons between 1903—1904 and 1956—1957 not listed on table.
2 N: no brine deposit observed, Y: brine deposit observed, U: unclear,

—: observations likely exist (field party present, but observations not found at the time of writing).
3 G: glacial source (‘Blood Falls'), L: lateral source (Santa Fe Stream)

*: see Appendix A for explanation
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During the 1969-1970 field season, several field parties were working in Taylor Valley through the U.S. and NZ Antarctic Programs. One field team included L.D. McGinnis and T.E. Jensen, who sampled the resistivity of ‘water emanating from a saline discharge on the Taylor Glacier tongue' sometime during December 1969-January 1970 [McGinnis and Jensen, 1970]. The first group of female scientists with the U.S. Antarctic Program, led by Lois Jones, conducted field studies in the Dry Valleys during the 1969-1970 season, including at Lake Bonney [NSF-OPP and US Naval Support Force, Antarctica, 1969, p. 259]. The Byrd Polar Archive [BPC: Antarctica Expeditions, 1969-1970] contains several photos of the ‘Taylor Red Cone' from the Lois M. Jones Collection (including Figs. 2.3 and 2A.20). In the archive, the photos are all dated to the 1969-1970 season, and to our knowledge, this is the only season Jones was in Antarctica. The photos clearly show a red cone-shaped icing deposit at the Blood Falls site.

Figure 2.3: 1969-1970 field season photo of Blood Falls icing deposit, photo title in archive: ‘Taylor Red Melt'. Photo: L.M. Jones, date listed in the source archive is 1969-1970 field season. Identifier: Antarctic Expedition Image 2071, Byrd Polar and Climate Research Center Archival Program and reproduced with permission from the Ohio State University Archives [BPC: Antarctica Expeditions, 1969-1970].
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We therefore interpret the 1969-1970 season as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3). Observations from this season of brine release deposits have not been previously reported elsewhere to our knowledge. This may in part be due to the tragic death of Thomas Berg, who died along with Jeremy Sykes in a helicopter accident in Taylor Valley in November 1969 [NSF-OPP and US Naval Support Force, Antarctica, 1970]. Berg had in previous seasons provided observations of the presence or absence of Blood Falls deposits [Black and others, 1965]; we are not aware whether any of Berg's field notes were recovered after the crash.
2.5.2 Taylor Glacier terminus change

While compiling observations of the Blood Falls area, we developed an alternate interpretation of Taylor Glacier terminus change during the second half of the 20th century in the terminus area herein referred to as the ‘promontory' (Fig. 2.1). Peewee and Church [1962] concluded that no discernible thinning or change in terminus position had occurred between the February 1911 observations by Taylor and observations made by Peewee during the 19571958 field season. Fountain and others [2004] concluded that Taylor Glacier had advanced by 100+11 m and thinned by 38+0.13m between 1976-1996, and proposed that ice viscosity changes driven by a warming climate could have caused the thinning and advance. In contrast to [Fountain and others, 2004], we instead propose that rising lake levels altered the basal boundary conditions in the promontory area, leading to basal sliding, thinning, advance, and collapse of the promontory.We make the following observations about changes in the promontory area of the Taylor terminus. The lateral margin of the glacier on the southern side contains exposed, highly visible englacial debris layers. These layers feature prominently in photos and sketches from many observers.
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In February 1911, Griffith Taylor sketched this area (Fig. 2.4). In the sketch, englacial debris layers are sub-horizontal and do not dip downward toward the terminus. The glacier terminates before the moraine crest, and the terminus cliffs are similar to those along the lateral margin. Lake Bonney is much lower than in subsequent observations; the lateral areais depicted as above lake level with a small creek crossing through.

Figure 2.4: 1910-1911 field season sketch of promontory area by Griffith Taylor [Taylor, 1922, p. 66]. Original caption: ‘The snout of the Taylor Glacier showing silt bands in the ice, the small terminal moraine (dotted) and area of distributed silts. Granite cliffs, a recent crater and talus slopes appear behind and the western end of Lake Bonney on the right. Sketched looking N.W.'. Notations on and around the sketch, clockwise from lower right: “Lake silt, Silt band, Silt, Rhone Gl, ‘Crater, Rib, Lake, creek”.
In December 1957, Troy Peewee intentionally photographed locations that Taylor had sketched or photographed during February 1911. Peewee's photo of the promontory area (Fig. 2.5) is generally similar to Taylor's sketch, except the lake level is higher. Lake Bonney 
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extends past the visible moraine margins by tens of meters (horizontal distance estimated) up the lateral margin of the glacier. A photo taken by Warren Hamilton in 1958 from the opposite side of the glacier also shows sub-horizontal englacial debris bands reaching the terminal cliff, with a separation between the cliff and the moraine crest (Fig. 2.6).

Figure 2.5: December 1957 photo of Taylor Glacier terminus promontory area. Reproduced from Fig. 2 Gootee [2007]. Original photo: T.L. Pewe, 23 December 1957, Graphlex photographs No.1646-1648.
Paul Robinson sketched the southern margin during fieldwork conducted over three summer field seasons (1975-1976, 1976-1977, and 1977-1978). Robinson's sketch (Fig. 2.7) shows the englacial debris layer dipping downward as it approaches the terminus. The vertical terminal cliff is still present, as is the space between the cliff and the moraine crest.Repeat photography of the promontory in 1977 (Fig. 2.8a) and 1997 (Fig. 2.8b) shows more dramatic changes. In the 1977 photo, lake level is lower, and the glacier terminates before the moraine crest. The englacial debris bands are barely visible. In the 1997 photo, the terminus has overridden the moraine crest and thinned. The general morphology of the terminus is also different from in any prior photos — the terminus has a more rounded shape than the vertical cliffs in prior photos. The englacial debris bands are not visible, and the lake level has risen.
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Figure 2.6: December 1958 photo across the Taylor terminus. Foreground: icing deposit incised by streamflow from Lawson Creek and/or Santa Fe Stream. Background: horizontal englacial debris layers are visible in the promontory area. Photo: W.B. Hamilton, date listed in the source archive is 1958-1959 field season; however, the specific date is likely around 15 December 1958 (see Appendix A). Identifier: MCMEH-P001594, MDV Historical Archive [Howkins and others, 2020].

Figure 2.7: Sketch of promontory area of Taylor terminus by Paul Robinson. Lower panel from Fig. 3.2, page 65, Robinson [1979]. Sketch is undated, but Robinson's PhD study of Taylor Glacier began during the 1975-1976 field season and was published in October 1979, bracketing the possible dates of the sketch. Small triangles indicate 1.5m increase in elevation between elevation stations. Figure reproduced with permission from Paul Robinson through the Victoria University of Wellington.
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Figure 2.8: Repeat photos of the terminus of Taylor Glacier taken in (a) 1977 by Trevor Chinn and (b) 1997 by Andrew Fountain. Rhone Glacier is in the background. The 1977 photo is from the 1977-1978 field season; repeat photos were collected during 1995-1997 [Fountain and others, 2004]. Photo from MDV Historical Archive [Howkins and others, 2020], identifier = MCMEH-P001128, and a version is published as Fig. 2d in Fountain and others [2004].
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A photo from a similar vantage from the 1989-1990 season shows the englacial debris bands dipping down sharply and disappearing into the lake, but the photo does not extend to show the terminus or promontory moraine (Fig. 2.9, see also a drawing from this locationFig. 2A.36).

Figure 2.9: 1989-1990 field season photo of the promontory area of the Taylor terminus. Photo: Chris Rudge, Identifier: ANZSC0667.3 [Antarctica New Zealand Pictorial Collection, 2020].
2.6 Discussion
2.6.1 Blood Falls brine release

The two source areas of recurring subaerial brine release based on historical observations are consistent with hydrologic modelling by Badgeley and others [2017]. Ice thickness estimates were used to derive hydraulic pathways which indicate multiple possible exit points from an ostensible subglacial brine reservoir. Identified exit points include: at Blood Falls, at the central part of the terminus (with discharge directly into Lake Bonney), and at lateral discharge sites to the north and south of the terminus [Fig. 9, Badgeley and others, 2017]. We note that brine release has been confirmed from 3 of these 4 sites (excepting a lateral side along the south side of the terminus). 52



In most instances, our interpretations of previously documented observations are consistent with those of prior researchers [namely, Black, 1969; Keys, 1979; Lawrence, 2017]. For some seasons, we make new interpretations using evidence that we do not think these authors had access to (‘new this study' in Notes column, Table 2.3). However, in a few cases, we offer alternate interpretations of what we believe to be the same observations (‘different interpretation' in Notes column, Table 2.3).When a gap in the photographic record lasts more than a season, subsequent photographs can be more difficult to interpret. For instance, we did not find any photos that we could reliably date to the 6 seasons spanning 1983-1984 through 1988-1989. Photos from the 1989-1990 season show red, refrozen brine-filled crevasses in the Blood Falls area of the glacier, but there appear to be no brine icing deposits draped over the moraine or present in the lateral Santa Fe Stream site. We interpret with medium confidence (observation date reliability = 2, observation evidence quality = 3, see Appendix A) that the 1989-1990 season observations indicate no icing deposits were present. Using Fig. 2.2 and descriptions of the degradation of the 1962 icing fan over subsequent years by Black [1969], we further assert that this lack of icings indicates that there was not a brine release during the 1989 winter. However, the brine-filled cracks suggest that a brine release occurred during an earlier season. We cannot reasonably assign a date to this prior event given the current set of observations.We speculate that the February 1911 Taylor observations might be akin to the 1989-1990 observations. Previous researchers have interpreted Taylor's descriptions to infer a winter 1910 brine release event [Keys, 1979]; however, we rated the observation evidence quality as low. As is the case with the 1989-1990 observations, we think that a brine release event must have preceded Taylor's observation, though not necessarily within the previous year.We use similar reasoning to interpret evidence from the 1963-1964 season differently than prior researchers, namely Black [1969]. Black interpreted the modified deposits observed in 1963-1964 as originating from the 1962 brine release. We suggest instead that the icing had been deposited more recently (i.e., during the 1963 winter). Fig. 2.2 shows the extent to
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Figure 2.10: 1989-1990 field season photo of the Taylor terminus with red discoloration of the ice at Blood Falls: (a) original photo, (b) detailed view of area indicated by box in (a). Photo: Chris Rudge, Identifier: ANZSC0667.18 [Antarctica New Zealand Pictorial Collection, 2020].
which an icing is modified in a single season, providing us with a reference frame for icing modification that Black did not have access to. Photos taken by Paul Dayton (Figs. 2A.16, 2A.17, and 2A.18) in our opinion look like an icing deposit from the immediately preceding winter (1963), rather than one that has survived through a full melt season, winter, and partial melt season (that is, Black's winter 1962 event). We therefore interpret the 19631964 summer season as containing evidence of an icing deposited since the prior summer season's observations, implying a winter 1963 brine release that prior compilations [Black, 1969; Keys, 1979, 1980; Lawrence, 2017] have not included.
2.6.2 Taylor Glacier terminus change

Previous researchers have interpreted little change in the terminus between the earliest observations by Taylor through the late 1970s. For instance, Robinson [1979, p. 39] states: ‘No measurable change in the position of the Taylor Glacier terminal face was observed during this study, or the intervening years between 1903 (Taylor, 1922) and 1960 (Pewe and Church, 1962)'. However, a small advance and thinning occurred between the 1976-1977 and 1996-1997 field seasons. Fountain and others [2004] used repeat photography (Fig. 2.8) to interpret a 100+11 m advance with 38+0.13 m of thinning of the Taylor terminus between 
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the 1976-1977 and 1996-1997 seasons. Temperature-driven viscosity changes (ice softening) were proposed as a possible mechanism to explain this thinning and advance.Instead of attributing the thinning and advance to ice viscosity changes driven by longterm climate warming, we propose that the thinning and advance could have resulted from changes to the glacier's basal conditions driven by rising lake levels. The promontory area, which had previously been protected from the lake by the terminal moraine, was flooded as the lake rose. We suggest that basal water pressures were elevated sufficiently to reduce basal drag and allow sliding of this isolated portion of the glacier. This resulted in advance, thinning, crevassing, and eventual collapse of this portion of the terminus. Further, we interpret the progressive dipping of the englacial debris bands downward as evidence of basal melting. Using the Blood Falls moraine as a reference frame, the northern margin of the glacier does not appear to advance or recede over the period of the photographic record we compiled; the advance documented by Fountain and others [2004] was localized to the promontory area on the southern part of the terminus. The localized nature of the advance further contradicts the temperature-related ice viscosity interpretation because we would expect any such viscosity change to affect ice across a broader region of the terminus.
2.6.3 Recommendations

We make the following recommendations to researchers interested in using historical observations to investigate environmental changes, with the McMurdo Dry Valleys as a specific frame of reference:1. Using a combination of evidence quality assessment and observation date reliability provided us with a framework to qualify our interpretations. This type of qualitative confidence assessment provided us a more transparent way to evaluate historical data and field observations, and could be readily modified to other research questions.2. We recommend that researchers interested in observations from more recent years (mid-1990's onward) than the scope of this manuscript consider additional sources than 
55



those presented herein (including the MDV Historical Archive and NZ Archive). We note that since the onset of MCM-LTER monitoring in the 1993-1994 season, more frequent and reliable observations of Blood Falls are available. These observations include not only photos, but also geochemical data from Blood Falls outflow that have been used to assess Blood Falls activity [Table 2, Lawrence, 2017]. In addition to research visits, tourist flights over Blood Falls and the Taylor terminus occur during most summers. However, there are strict restrictions for landing in the Dry Valleys — the only designated visitor landing zone where tour operators can bring tourists in Taylor Valley is a small area near Canada Glacier [Antarctica NZ and USAP, 2011, p. 76-77]. Nonetheless, numerous videos and photographs taken during helicopter fly-overs of the iconic Blood Falls fan are easily found online from a wide variety of sources. Researchers could leverage crowd-sourced data such as these to provide a higher temporal resolution of the recent history of Blood Falls activity or other changes in the terminus area.3. The austral summer and fieldwork season crossing over two calendar year numbers can lead to occasional unclear timing when observations are dated by year only. We therefore recommend that while observation dates should be recorded with as much precision as possible, observation contributors and archives should at least report dates using a two-year nomenclature system for summer field seasons when listing field season only (e.g., summer 2002-2003 season vs. summer 2002 season). Ideally, images should be collected with timestamps embedded on the images themselves to increase the likelihood that this important metadata remains connected to the data through future iterations of data transfer and hosting in archives and repositories .
2.7 Conclusions

In order to classify our observations of the Taylor Glacier terminus area, we developed a framework to interpret the presence or absence of brine deposits. In the process of compiling relevant observations, we examined thousands of pieces of evidence for this project; it is 
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very clear that the historical archives are a robust resource for assessments of geomorphic, environmental, glaciological, hydrological, and human use changes over the last century in Antarctica.The increasing availability of online, publicly available photo archives from multiple nations and research institutions provided us with what we assume to be a larger source dataset than has been available to prior researchers documenting Blood Falls brine release events. We document at least two summer seasons with observations of brine icing deposits that have not been included in prior compilations. Time-lapse imagery collected during a winter 2014 brine release and subsequent months provided us with a reference frame of how icing deposits from a winter brine release might persist and the degree to which they could be modified during the following months. This contextual information guided us in making different interpretations for some seasons compared to prior researchers.From our compiled record of brine deposit observations, we confirm that brine releases can occur during any season of the year. Brine release occurs at two subaerial release points — the glacial site at Blood Falls and the lateral site in Santa Fe Stream. A complete conceptual model including the triggering mechanism is not yet clear; however, results from our study and those of previous researchers require that any complete model include brine release at multiple locations and not rely solely on a seasonal triggering mechanism. Our reinterpretation of the anomalous, localized glacier advance also raises questions about how the Blood Falls area of the terminus will respond if lake levels continue to rise.By analyzing the observations in our complete catalog, we propose that a previously reported advance of the Taylor terminus, between the 1976-1977 and 1996-1997 field seasons, was likely restricted to a small area near a moraine on the south side. Rather than temperature-induced ice viscosity changes, we suggest that rising lake levels destabilized the glacier bed, leading to a localized and transient period of glacier sliding, terminus thinning, and collapse. While warming trends may have caused this advance through impacting lake level, we suspect the spatially localized advance was not due to thermally-driven changes in 
57



ice viscosity. Additional scientific insights such as this one could be ascertained from our revised catalog of observations of the Blood Falls/Taylor Glacier terminus area.
2.8 Acknowledgements

We thank Robin Nicholson at the University of Alaska Fairbanks Geophysical Institute Mather Library, Max Sullivan at the Victoria University of Wellington Library, and staff at Archives New Zealand for their assistance tracking down historical records, original authors, and copyright use permissions. Adrian Howkins and Andrew Fountain provided assistance with records through the McMurdo Dry Valleys Archive. Time-lapse data from the 2014 winter event pictured in Fig. 2.2 are available through the U.S. Antarctic Program Data Center [Pettit, 2019, www.usap-dc.org/view/dataset/601167].We thank Paul Dayton and Paul Robinson for permission to use their photos, and Paul Dayton for the detailed and helpful correspondence. Photos from the Troy Pewe Antarctica Collection are included through the McMurdo Dry Valleys Historical Archive Photo Project, under NSF Grant 1443475. Geospatial support for this work, including access to the USGS airphotos, was provided by the Polar Geospatial Center under NSF-OPP awards 1043681 and 1559691. VUWAE reports were obtained through the New Zealand Electronic Text Collection, available at http://authority.nzetc.org/tm/scholarly/tei-corpus-VUWAnta.html. Financial support for this project was provided by NSF Award OPP 1144177 to E.C.P.We thank Emilie Sinkler and Regine Hock for providing thoughtful feedback during the development of the methods for this paper. Thank you to Carl Tape and Martin Truffer for reviews of this chapter.

58

http://www.usap-dc.org/view/dataset/601167
http://authority.nzetc.org/tm/scholarly/tei-corpus-VUWAnta.html


2.9 References
Alberts FG (1961) Notes on Antarctic names approved by the Board on Geographic Names.

Bulletin ofthe U.S. Antarctic Projects Officer, 2(7), 13-17
Allis R, Crump J, Hunt T, Keys H and Kyle P (1973) Immediate report of Victoria University of Wellington Antarctic Expedition 1972-73. Victoria University of Wellington Antarctic 

Expedition (VUWAE) Reports

Ambe M (1974) Deuterium content of water substances in Antarctica part II. Geochemistry of deuterium of lake waters in Victoria Land. Antarctic Record, (48), 100-109
American Geographical Society (1975) History ofAntarctic exploration and scientific inves

tigation. American Geographical Society, New York City, New York, USA
Angino EE, Turner MD and Zeller EJ (1962) Reconnaissance geology of lower Taylor Valley, Victoria Land, Antarctica. Bulletin of the Geological Society of America, 73, 1553-1561 (doi: 10. 1 130/0016-7606(1962)73[1553:RGOLTV]2.0.CO;2)
Angino EE, Armitage KB and Tash JC (1964) Physicochemical limnology of Lake Bonney, Antarctica. Limnology and Oceanography, 9(2), 207-217 (doi: 10.4319/lo.1964.9.2.0207)
Antarctica New Zealand Pictorial Collection (2020) Antarctica New Zealand Image Library
Antarctica NZ and USAP (2011) McMurdo Dry Valleys ASMA Manual (Third Edition). 

Management Plan for Antarctic Specially Managed Area No. 2 McMurdo Dry Valleys, 
Southern Victoria Land. Antarctica New Zealand and Office of Polar Programs, NSF, Christchurch, New Zealand

Armitage KB and House HB (1962) A limnological reconnaissance in the area of McMurdo Sound, Antarctica. Limnology and Oceanography, 7(1), 36-41 (doi: 10.4319/lo.1962.7.1. 0036)
59



Badgeley JA, Pettit EC, Carr CG, Tulaczyk S, Mikucki JA, Lyons WB and MIDGE Science Team (2017) An englacial hydrologic system of brine within a cold glacier: Blood Falls, McMurdo Dry Valleys, Antarctica. Journal of Glaciology, 63(239), 387-400 (doi: 10.1017/ jog.2017.16)
Barrett P, Christoffel D, Dibble R, Iles D, Pyne A, Reid P, Simmons S and Ward B (1981) Immediate report of Victoria University of Wellington Antarctic Expedition 1980-81. Vic

toria University of Wellington Antarctic Expedition (VUWAE) Reports

Barrett PJ, Ashby J, Bentley P, Christoffel D, Dibble R, Garden P, Mroczek C, Pyne A, Robinson P and Waghorn D (1979) Immediate report of Victoria University of Wellington Antarctic Expedition 1978-79. Victoria University of Wellington Antarctic Expedition 

(VUWAE) Reports

Bertrand KJ (1971) Americans in Antarctica 1775-1948. Special Publication 39, American Geographical Society, New York
Black RF (1969) Saline discharges from Taylor Glacier, Victoria Land, Antarctica. Antarctic 

Journal of the United States, 4(3), 89-90
Black RF and Bowser CJ (1968) Salts and associated phenomena of the termini of the Hobbs and Taylor Glaciers, Victoria Land, Antarctica. In General Assembly of Bern, 25 

September-7 October 1967, Commission of Snow and Ice, volume 79, 226-238
Black RF, Jackson ML and Berg TE (1965) Saline discharge from Taylor Glacier, Victoria Land, Antarctica. The Journal of Geology, 73(1), 175-181 (doi: 10.1086/627053)
BPC: Antarctica Expeditions (1969-1970) Lois M. Jones Papers, The Ohio State University Byrd Polar and Climate Research Center Archival Program

60



Campen R, Kowalski J, Lyons WB, Tulaczyk S, Dachwald B, Pettit E, Welch KA and Mikucki JA (2019) Microbial diversity of an Antarctic subglacial community and high- resolution replicate sampling inform hydrological connectivity in a polar desert. Environ

mental Microbiology, 21(7), 2290-2306 (doi: 10.1111/1462-2920.14607)
Caughley G (1960) The reader writes: Sidelights of Antarctic research. Antarctic, 2(7), 270-271
Crump J, Keys H, Kyle P, Kyle R, Luckman P, McPherson J, Plume R and Rowe G (1974) Immediate report of Victoria University of Wellington Antarctic Expedition 1973-74. Vic

toria University of Wellington Antarctic Expedition (VUWAE) Reports

Dayton P (2011) Antarctic Memories of an Old American. Antarctic, 29(1), 16-18
Denton GH and Armstrong RL (1968) Glacial geology and chronology of the McMurdo Sound Region. Antarctic Journal of the United States, 3(4), 99-101
Doran PT, McKay CP, Fountain AG, Nylen T, McKnight DM, Jaros C and Barrett JE (2008) Hydrologic response to extreme warm and cold summers in the McMurdo Dry Valleys, East Antarctica. Antarctic Science, 20(5), 499-509 (doi: 10.1017/S0954102008001272)
Dort Jr W(1967) Geomorphic studies in southern Victoria Land. Antarctic Journal of the 

United States, 2(4), 113
Fountain AG, Neumann TA, Glenn PL and Chinn T (2004) Can climate warming induce glacier advance in Taylor Valley, Antarctica? Journal of Glaciology, 50(171), 556-564 (doi: 10.3189/172756504781829701)
French H (2000) Troy L. Peewee 1918-1999. Arctic, Antarctic, and Alpine Research, 32(2), 212-215 (doi: 10.1080/15230430.2000.12003358)
Ghent ED (1966) Victoria University geological research in the Dry Valleys. Antarctic, 4(5), 227-228 61



Gooseff MN, Barrett JE, Adams BJ, Doran PT, Fountain AG, Lyons WB, McKnight DM, Priscu JC, Sokol ER, Takacs-Vesbach C, Vandegehuchte ML, Virginia RA and Wall DH (2017) Decadal ecosystem response to an anomalous melt season in a polar desert in Antarctica. Nature Ecology and Evolution, 1(9), 1334-1338 (doi: 10.1038/ s41559-017-0253-0)
Gootee BF (2007) Glacial and permafrost exploration in the Dry Valleys during the 1957/58 IGY: the personal records of Troy L. Pewe. In A Cooper and C Raymond (eds.), Antarc

tica: A Keystone in a Changing World-Online Proceedings of the 10th ISAES, Extended Abstract 217, 4, USGS Open-File Report 2007-1047
Hamilton W, Frost IC and Hayes PT (1962) Saline features of a small ice platform in Taylor Valley, Antarctica. In T Nolan (ed.), Short Papers in Geology Hydrology, and Topography, volume 450-B of Geological Survey Professional Paper, chapter 28, B73-B76, United States Department ofthe Interior, USGS, Washington, D.C., USA (doi: doi.org/10.3133/pp450B)
Harrington HJ (1959) New Zealand geologists and surveyors cover wide field. Antarctic, 2(1), 7-8
Heine A (1964) Antarctic glaciology. Antarctic, 3(10), 425
Horning DS (1976) Studies of water bears and penguins at Cape Bird. Antarctic, 7(9), 278279
Howkins A (2016) Taylor's Valley: What the history of Antarctica's ‘Heroic Era' can contribute to contemporary ecological research in the McMurdo Dry Valleys. Environment 

and History, 22, 3-28 (doi: 10.3197/096734016X14497391602125)
Howkins A, Chignell SM, Gullett P, Fountain AG, Brett M and Preciado E (2020) A digital archive of human activity in the McMurdo Dry Valleys, Antarctica. Earth System Science 

Data, 12(2), 1117-1122 (doi: 10.5194/essd-12-1117-2020)
62



Jones L and Faure G (1968) Origin of salts in Taylor Valley. Antarctic Journal of the United 

States, 3(5), 177-178
Kaminuma K, Torii T, Yanai K, Matsumoto G and Tanaka Y (1977) Activities of Japanese party in McMurdo Sound area 1967-1977. Antarctic Record, (60), 132-146
Keys H, Barrett P, Brown C, Christoffel D, Dibble R, Kyle P, Northey D, Plume R, Powell R, Robinson P and Vucetich C (1974) Immediate report of Victoria University of Wellington Antarctic Expedition 1974-75. Victoria University of W el ling ton Antarctic Expedition 

(VUWAE) Reports

Keys H, Anderson J, Burgess C, Frost A, Palmer A, Robinson P and Stern T (1977) Immediate report of Victoria University of Wellington Antarctic Expedition 1976-77. Victoria 
University of W elling ton Antarctic Expedition (VUWAE) Reports

Keys J (1979) Saline discharge at the terminus of Taylor Glacier. Antarctic Journal of the 
United States, 14(5), 82-85

Keys JR (1980) Salts and their distribution in the McMurdo region, Antarctica. Ph.D. thesis, Victoria University of Wellington
Koob DD (1966) Ecology of some Antarctic Algae. Antarctic Journal of the United States, 

1(4), 144-145
Lawrence J (2017) Evidence of subglacial brine inflow and wind-induced seiching from high 

temporal resolution temperature measurements in Lake Bonney, Antarctica. Master's thesis, Louisiana State University
Lawrence JP, Doran PT, Winslow LA and Priscu JC (2020) Subglacial brine flow and wind- induced internal waves in Lake Bonney, Antarctica. Antarctic Science, 1-15 (doi: 10.1017/ s0954102020000036)

63



Lyons WB, Fountain A, Doran P, Priscu JC, Neumann K and Welch KA (2000) Importance of landscape position and legacy: the evolution of the lakes in Taylor Valley, Antarctica. 
Freshwater Biology, 43, 355-367 (doi: 10.1046/j.1365-2427.2000.00513.x)

Lyons WB, Welch KA, Snyder G, Olesik J, Graham EY, Marion GM and Poreda RJ (2005) Halogen geochemistry of the McMurdo dry valleys lakes, Antarctica: Clues to the origin of solutes and lake evolution. Geochimica et Cosmochimica Acta, 69(2), 305-323 (doi: 10.1016/j.gca.2004.06.040)
Lyons WB, Mikucki JA, German LA, Welch KA, Welch SA, Gardner CB, Tulaczyk SM, Pettit EC, Kowalski J and Dachwald B (2019) The geochemistry of englacial brine from Taylor Glacier, Antarctica. Journal of Geophysical Research: Biogeosciences, 124(3), 633648 (doi: 10.1029/2018JG004411)
Matsumoto G and Hanya T (1977) Organic carbons and fatty acids in Antarctic saline lakes. 

Antarctic Record, (58), 81-88
Matsumoto GI, Torii T, Kawano T, Cho T and Kobata Y (1985) Japanese geochemical studies on the McMurdo Sound region in Antarctica during the 1983-84 austral summer. 

Antarctic Record, (86), 108-118
McCraw J (1960) Scientists make soil survey of Ross Dependency. Antarctic, 2(5), 171-172
McGinnis L and Jensen T (1970) Electrical depth soundings in Antarctic Dry Valleys. Antarc

tic Journal of the United States, 5(4), 108
Meunier TK, Williams Jr RS and Ferrigno JG (2007) U.S. Geological Survey scientific activities in the exploration of Antarctica: 1946-2006 Record of Personnel in Antarctica and their Postal Cachets: U.S. Navy (1946-48, 1954-60), International Geophysical Year (1957-58), and USGS (1960-2006). USGS Open-File Report 2006-1116, 60 (doi: 10.3133/ofr20061116)

64



Miagkov S (1976) Phototheodolite resurvey in the dry valleys. Antarctic Journal of the United 
States, 11(2), 96-97

Mikucki JA, Foreman CM, Sattler B, Berry Lyons W and Priscu JC (2004) Geomicrobiology of Blood Falls: an iron-rich saline discharge at the terminus of the Taylor Glacier, Antarctica. Aquatic Geochemistry, 10(3-4), 199-220 (doi: 10.1007/s10498-004-2259-x)
Mikucki JA, Pearson A, Johnston DT, Turchyn AV, Farquhar J, Schrag DP, Anbar AD, Priscu JC and Lee PA (2009) A contemporary microbially maintained subglacial ferrous “ocean”. Science, 324, 397-400 (doi: 10.1126/science.1167350)
Mikucki JA, Auken E, Tulaczyk S, Virginia RA, Schamper C, Sørensen KI, Doran PT, Dugan H and Foley N (2015) Deep groundwater and potential subsurface habitats beneath an Antarctic dry valley. Nature Communications, 6(6831) (doi: 10.1038/ncomms7831)
Murayama H, Yusa Y, Matsumoto G and Torii T (1983) Activities ofJapanese party in the Dry Valleys region during the 1981-1982 field season. Antarctic Record, (79), 134-144
Nakaya S, Torii T and Yamagata N (1977) Distribution of nutrient matters in saline lakes in the Dry Valleys, South Victoria Land, Antarctica. Antarctic Record, (58), 20-31
Nakaya S, Torii T, Cho T, Wada E and Matsumoto G (1982) Activities in the Dry Valleys Area during the 1980-1981 field season. Antarctic Record, (74), 324-329
Neall V and Vucetich C (1970) Victoria University ofWellington Antarctic Expedition 196970 (VUWAE 14) immediate report. Victoria University of Wellington Antarctic Expedition 

(VUWAE) Reports

Nelson CS, Lowe DJ and TonkinPJ (2015) The workinglife ofJohnMcCraw(1925-2014): a remarkable New Zealand pedologist and Earth scientist. Journal of the Historical Studies 
Group (Geoscience Society of New Zealand), 50, 2-29

65



New Zealand Antarctic Society (1957) New Zealand expedition begins field work from Pram Point. Antarctic, 1(5)
New Zealand Antarctic Society (1964) New Zealand field work has an altered pattern. Antarc

tic, 3(11), 474-477
New Zealand Antarctic Society (1967a) More seals inland. Antarctic, 4(9), 471-472
New Zealand Antarctic Society (1967b) Vanda Station: New Zealand's new Antarctic base. 

Antarctic, 4(12), 590-594
New Zealand Antarctic Society (1971a) Successful summer season. Antarctic, 6(11), 2-3
New Zealand Antarctic Society (1971b) Summer support staff. Antarctic, 6(3), 76
New Zealand Antarctic Society (1972a) Busy summer season at Scott Base and Vanda. 

Antarctic, 6(5), 146-147
New Zealand Antarctic Society (1972b) Summer support staff. Antarctic, 6(7), 223-224
New Zealand Antarctic Society (1973) Italians to work in dry valleys. Antarctic, 6(11), 379
New Zealand Antarctic Society (1974) Exploration oflakes in the Darwin Mountains. Antarc

tic, 7(4), 105
New Zealand Antarctic Society (1975) New Zealand programme cut about one-third. Antarc

tic, 7(8), 232-234
New Zealand Antarctic Society (1976a) New evidence on Labyrinth valleys development. 

Antarctic, 7(9), 280-282
New Zealand Antarctic Society (1976b) New Zealand part in ice shelf project. Antarctic, 

7(11), 340-341
66



New Zealand Antarctic Society (1977a) New Zealand field research parties. Antarctic, 8(4), 106-111
New Zealand Antarctic Society (1977b) New Zealand polar activities. Antarctic, 8(3), 74-85
New Zealand Antarctic Society (1977c) Scott Base to Fry Glacier and Pole. Antarctic, 8(1), 2-6
New Zealand Antarctic Society (1978) New Zealand plans for season. Antarctic, 8(7), 214218
New Zealand Antarctic Society (1979a) Antarctic cruises this season. Antarctic, 8(11)
New Zealand Antarctic Society (1979b) New Zealand plans for season. Antarctic, 8(7), 370375
New Zealand Antarctic Society (1980) New Zealand plans for season. Antarctic, 9(3), 74-77
New Zealand Antarctic Society (1981) New Zealand plans for season. Antarctic, 9(7), 210214
New Zealand Antarctic Society (1982) New Zealand plans for season. Antarctic, 9(11), 378383
New Zealand Antarctic Society (1983a) New Zealand plans for season. Antarctic, 10(3), 82-87
New Zealand Antarctic Society (1983b) Summer research projects. Antarctic, 10(3), 89-91
New Zealand Antarctic Society (1984a) Earth science plans for 1984-1985. Antarctic, 10(5), 158-165
New Zealand Antarctic Society (1984b) New Zealand plans for season. Antarctic, 10(7), 234-240

67



New Zealand Antarctic Society (1984c) Work on Mt Melbourne and in Terra Nova Bay. 
Antarctic, 10(7), 244-248

New Zealand Antarctic Society (1985) New Zealand plans for season. Antarctic, 10(11), 386-395
New Zealand Antarctic Society (1987) New Zealand's Antarctic science programme enters 30th year. Antarctic, 11(5), 194-203
New Zealand Antarctic Society (1988a) Ozone studies mark start of new season. Antarctic, 

11(8), 318-326
New Zealand Antarctic Society (1988b) U.S. artist visits McMurdo Sound. Antarctic, 11(7), 302-306
New Zealand Antarctic Society (1989) Diverse scientific programme off to good start. Antarc

tic, 11(11), 406-413
New Zealand Antarctic Society (1990) Diverse scientific programme completed in spite of poor conditions. Antarctic, 12(1), 2-12
New Zealand Antarctic Society (1992a) 36th consecutive season of United States Antarctic activities. Antarctic, 12(9), 311-318
New Zealand Antarctic Society (1992b) Aspects of climate change dominate New Zealand Antarctic programme. Antarctic, 12(9), 290-299
New Zealand Antarctic Society (1993) Ozone studies, seismological investigation and aerial mapping included in 1993-94 programme. Antarctic, 13(3), 90-100
NSF (1986) Planned research projects, 1986-1987. Antarctic Journal of the United States, 

21(3), 4-18
68



NSF-OPP and US Naval Support Force, Antarctica (1966a) Antarctic chronology December1, 1965 - January 31, 1966. Antarctic Journal of the United States, 1(2), 75-78
NSF-OPP and US Naval Support Force, Antarctica (1966b) Antarctic chronology July 1 -November 30, 1965. Antarctic Journal of the United States, 1(1), 35-38
NSF-OPP and US Naval Support Force, Antarctica (1967) Activities in December and January. Antarctic Journal of the United States, 2(2), 27-37
NSF-OPP and US Naval Support Force, Antarctica (1968a) Summary of field research August-December 1967. Antarctic Journal of the United States, 3(2), 38-46
NSF-OPP and US Naval Support Force, Antarctica (1968b) USARP Field Personnel, Summer 1967-1968. Antarctic Journal of the United States, 3(4), 135-137
NSF-OPP and US Naval Support Force, Antarctica (1969) Plans and projects for the 19691970 season. Antarctic Journal of the United States, 4(6), 253-266
NSF-OPP and US Naval Support Force, Antarctica (1970) Thomas E. Berg (1933-1969).

Antarctic Journal of the United States, 5(1), 7
Obryk MK, Doran PT, Fountain AG, Myers M and McKay CP (2020) Climate from the McMurdo Dry Valleys, Antarctica, 1986-2017: Surface air temperature trends and redefined summer season. Journal of Geophysical Research: Atmospheres, 125(13) (doi: 10.1029/2019JD032180)
Pettit EC (2019) Time lapse imagery of the Blood Falls feature, Antarctica. U.S. Antarctic

Program (USAP) Data Center (doi: 10.15784/601167)

69



Pewe TL and Church RE (1962) Glacier regimen in Antarctica as reflected by glaciermargin fluctuation in historic time with special reference to McMurdo Sound. In Sym

posium D'Obergurgl 1962 — Variations Du Regime Des Glaciers Existants/ Symposium 
of Obergurgl 1962 — Variations of the Regime of Existing Glaciers, volume 58, 295-305, Association international d'hydrologie scientifique/ International Association of Scientific Hydrology

Prebble W (1964) Mysteries of the Dry Valleys probed by university scientists. Antarctic, 
3(9), 378-379

Priscu JC and Howkins A (2016) Environmental assessment of the McMurdo Dry Valleys: Witness to the past and guide to the future. In JC Priscu and A Howkins (eds.), Special 
publication, LRES-PRG 02, May, 63, Department of Land Resources and Environmental Sciences, College of Agriculture, Montana State University, USA, Bozeman, MT

Pyne A and Powell R (1992) Immediate report ofVictoria University of Wellington Antarctic Expedition 1991-92: VUWAE-36. Victoria University ofWellington Antarctic Expedition 
(VUWAE) Reports

Pyne A, Waghorn D, Barrett P, Brady H, Froggatt P, Komura K, Leckie R, McKelvey B, Mcpherson A, Ross A, Sissons B, Walker B, Ward B and Wright I (1980) Immediate report of Victoria University of Wellington Antarctic Expedition 1979-80. Victoria University of 
Wellington Antarctic Expedition (VUWAE) Reports

Robinson P, Collen J, Eggers A, Palmer A, Robinson P and Sillars K (1976) Immediate report of Victoria University of Wellington Antarctic Expedition 1975-76. Victoria University of 
Wellington Antarctic Expedition (VUWAE) Reports

Robinson P, Hull A, Johnson J, Logan N, McKelvey B, Metson J and Pyne A (1978) Immediate report of Victoria University of Wellington Antarctic Expedition 1977-78. Victoria 
University of Wellington Antarctic Expedition (VUWAE) Reports

70



Robinson PH (1979) An investigation into the processes of entrainment, transportation and 
deposition of debris in polar ice, with special reference to the Taylor Glacier, Antarctica. Ph.D. thesis, Victoria University of Wellington

Roscoe JH (1966) Antarctic aerial photography, 1902-1950. Antarctic Journal of the United 
States, 1(3), 105-114

Scott G and Hughan O (1964) One Hundred and Forty Days Under the World (short film)
Scott RF (1907) The Voyage of the ‘Discovery', volume II. Smith, Elder, & Co., London
Secretariat of the Antarctic Treaty (2012) Management Plan for Antarctic Specially Protected Area No. 172, Lower Taylor Glacier and Blood Falls, McMurdo Dry Valleys, Victoria Land (Measure 9). In Final Report of the Thirty-fifth Antarctic Treaty Consultative 

Meeting, volume 2, 125-142, Secretariat of the Antarctic Treaty, Hobart, Australia
Secretariat SCAR (2014) Composite Gazetteer of Antarctica, Scientific Committee on Antarctic Research. GCMD Metadata.
Selby M (1970) First Waikato University Antarctic research. Antarctic, 5(11), 452
Sharp TR (1993) Temporal and spatial variation of light, nutrients and phytoplankton pro

duction in Lake Bonney, Antarctica. Master of science, Montana State University
Shaw J (1977) Till body morphology and structure related to glacier flow. Boreas, 6, 189-201 (doi: 10.1111/j.1502-3885.1977.tb00348.x)
Spigel RH and Priscu JC (1998) Physical limnology of the McMurdo Dry Valleys Lakes. In JC Priscu (ed.), Ecosystem dynamics in a polar desert: the McMurdo Dry Valleys, 

Antarctica, volume 72 of Antarctic Research Series, 153-187, American Geophysical Union, Washington, D.C., USA (doi: 10.1029/AR072p0153)
Stephens GC and Siegel FR (1969) Calcium salts from Taylor Glacier, Southern Victoria Land. Antarctic Journal of the United States, 4(4), 13371



Taylor G (1911) MS 1003 T.G. Taylor Series 2. Box 3. 60. “Geological Journeys in Antarctica” British Antarctic Expedition, 1910-13
Taylor G (1916) With Scott: The Silver Lining. Smith, Elder, & Co., London, United Kingdom
Taylor G (1922) The Physiography of McMurdo Sound and Granite Harbour Region. Harrison and Sons, Ltd., London, United Kingdom
Taylor G and Hanley WS (1979) The Griffith Taylor Collection: Diaries and Letters of 

a Geographer in Antarctica. Geography Dept., University of New England, Armidale, N.S.W., Australia, ISBN 0858342227
Torii T (1975) Geochemical and Geophysical Studies of Dry Valleys, Victoria Land in Antarc

tica, volume 4 of Memoirs of National Institute of Polar Research. National Institute of Polar Research, Tokyo
Torii T, Yusa Y, Nakao K and Hashimoto T (1972) Report of the Japanese summer parties in Dry Valleys, Victoria Land X: a preliminary report of the geophysical and geochemical studies at Lake Vanda and adjacent Dry Valleys in 1971-1972. Antarctic Record, (45), 76-88
US Antarctic Research Program (1964) Antarctic Report November 1964. Antarctic Report, 105
US Antarctic Research Program (1965) Antarctic Report January 1965. Antarctic Report, 28
US Geologic Survey (2017) USGS EROS Archive — Aerial Photography — Antarctic Single Frame Records (doi: 10.5066/F7MW2FDP)
USARP (1963) Antarctic Status Report No. 60, December 1963. Antarctic Status Report, 29

72



USNC-IGY (1956) Antarctic Status Report No. 3, Feb 3 1956. Antarctic Status Report, 4
USNC-IGY (1958) Antarctic Status Report No. 26, January 1958. Antarctic Status Report, 11
Vella PP, Clark R, Prebble WM and Bradley J (1965) Victoria University Antarctic Research Expedition science and logistics reports 1964-65: VUWAE 9. Victoria University 

of W elling ton Antarctic Expedition (VUWAE) Reports

Wellman H and Smith I (1967) Report on the eleventh Victoria University of Wellington Antarctic Expedition 1966-67: VUWAE 11. Victoria University of W elling ton Antarctic 
Expedition (VUWAE) Reports

Wellman HW, Wilson A, Prebble W, Popplewell K, Henderson R, Hoare R and House D (1964) Report on the Victoria University of Wellington Antarctic Expedition, 1963-64. 
Victoria University of W el ling ton Antarctic Expedition (VUWAE) Reports

Willis IA, Kennett JP, Haskell TR, Rich CC, Prebble WM, Smith GJ, Shirtcliffe T, Bense- man RF and Popplewell K (1963) Report on the sixth and seventh Victoria University of Wellington Antarctic Expedition 1962-63: VUWAE 6 & 7. Victoria University of W elling

ton Antarctic Expedition (VUWAE) Reports

Wilson A (1974) Lake Bonney salt deposits mapped by expedition. Antarctic, 7(1)
Yoshida Y, Yusa Y, Moriwaki K and Torri T (1971) Report of the Japanese summer parties in Dry Valleys, Victoria Land IX: a preliminary report of the geophysical study of Dry Valleys in 1970-1971. Antarctic Record, (42), 65-87

73



Chapter 2 Appendix A — Field season descriptions
This appendix contains descriptions of field parties who conducted research in Taylor Valley near the terminus of Taylor Glacier and, when available, the observations they made related to the terminus region. Selected photos from each year for which photos are available are included where copyright permissions allow. Table 2A.1 lists photos available in public archives and publications. The following sections are organized by summer field season; one goal of compiling an extensive list of people working in the Taylor terminus/Lake Bonney area is to aid with future research as more photos and other observations become available. If previously published interpretations of evidence for brine release are available [Black and others, 1965; Black, 1969; Keys, 1979, 1980; Lawrence, 2017], these interpretations are also described. However, we do not list later complications that cite prior publications unless there are discrepancies (e.g., Lawrence [2017] cites Keys [1979] who cites Black and others [1965] as evidence for a ‘1961' brine release).

74



Table 2A.1: Summer field seasons and identifiers for publicly available photos. Bold indicatesphotos that are reproduced in this paper. Figure numbers in table refer to original sourcematerial, not figures in this paper.
Summer
Season

Photo
Identifiers

1910-1911 
1946-1947
1956- 1957
1957- 1958
1958- 1959
1959- 1960
1960- 1961
1961- 1962
1962- 1963
1963- 1964
1964- 1965
1965- 1966
1966- 1967
1967- 1968
1968- 1969
1969- 1970
1970- 1971
1971- 1972
1972- 1973
1973- 1974
1974- 1975
1975- 1976
1976- 1977
1977- 1978
1978- 1979
1979- 1980
1980- 1981
1981- 1982
1982- 1983
1983- 1984
1984- 1985
1985- 1986
1986- 1987
1987- 1988
1988- 1989
1989- 1990
1990- 1991
1991- 1992
1992- 1993
1993- 1994

Plates 69, 70, 73 and additional sketches [Taylor, 1922] 
CA027933R0003, -04, -05, -06, -071 

CA033932V0174, -75, -76 1 
MCMEH-P001991, -2044 2; Fig. 2 [Gootee, 2007]; CA035932V0047, -48, -49, -50, -51 -521 

MCMEH-P001424, -1426, -1429, -15942 
MCMEH-P002538*, -2568*2; CA054031L0248, -49, -50, -51, -521

MCMEH-P001841*2
Plate 1 [Black and others, 1965]; Fig. 1 [Black, 1969] 

short film stills3; MCMEH-P001509*, -1510*, -1531*, 1553*, -1565*2

CA179432V0104 -05 -061
Fig. 9 [Black and Bowser, 1968], Fig. 3 [Black, 1969]

Fig. 2 [Black, 1969] 
SPEC.PA.56.0213: Antarctic Expedition Images 804, 935, 1992, 20714 

CA230332V0170, -71, -721
MCMEH-P001218, -1219, -12212; ANZSC0451.175 

MCMEH-P004852, -48532; Plate 8.3A [Keys, 1980, p. 244] 
MCMEH-P003679*, -3687*2 (season date estimated, see text) 

CA241100V0010, CA241300V00051

ANZSC0665.3*, -665.9*5, Plate 8.3B, 8.4, 8.5 [Keys, 1980, p. 244-245] 
ANZSC0665.18*5, Fig. 2d (upper panel) [Fountain and others, 2004]

Plate 1, [Barrett and others, 1979]; Plate 1 [Robinson, 1979, p. 150]; Plates 8.1, 8.2 [Keys, 1980, p. 241]

CA290400V01051
MCMEH-P002985*, -2986*, -2988*, -2996*, -2999*, -3002*, -3004*2 

CA248032V0122, -23, -241

ANZSC0665.20, ANZSC0667.3, ANZSC0667.185; artwork by Jonathan White*5

ANZSC1016.195

CA308200V0107, -8, -91; MCMEH-P000625, -0815, -0853, -11752; ANZSC0666.14, -1026.205
- no photos for these seasons were found
* likely date as interpreted in our study, see text
1 US Geologic Survey [2017]
2 McMurdo Dry Valleys Historical Archive [Howkins and others, 2020]
3 One Hundred and Forty Days Under the World, Scott and Hughan [1964], source: Archive New Zealand, 
reproduced here through permission under a Creative Commons license.
4 Byrd Polar and Climate Research Center Archival Program, [BPC: Antarctica Expeditions, 1969-1970]
5 Antarctica New Zealand Pictorial Collection [2020]
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A.1 1903-1904 field season
Observations: On 18 December 1903, Robert Scott, William Lashly, and Edgar Evans (members of the 1901-1904 ‘Discovery' British National Antarctic Expedition) travelled from Ferrar Glacier to Taylor Glacier into Taylor Valley, marking the first time humans observed the Taylor terminus area. On this single-day side trip, Scott described the Taylor terminus as follows: “With a little difficulty we climbed down to the level of the lake, and then observed that the glacier rested on a deep ground moraine of mud, in some places as much as ten or twelve feet in thickness; this layer of mud extended beyond the face of the glacier, where it had been worn by water; enough remained however, for Lashly to remark, ‘What a splendid place for growing spuds!' ” [Scott, 1907, p. 214-215]. Similar to other journal accounts from this era, in addition to containing myriad valuable observations of new landscapes, Scott's journal also contains racist and otherwise problematic language.
Interpretations: To our knowledge, there are no photos or drawings of the Taylor terminus and no mention of any feature resembling Blood Falls recorded from this visit. Therefore, the season 1903-1904 is interpreted as containing evidence of no brine deposits with a low confidence level (observation date reliability = 3, observation evidence quality = 1).
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A.2 1910-1911 field season
Gap in data record: The seasons between 1903-1904 and 1910-1911 contain no data for this study. During the 1907-1909 ‘Nimrod' British Antarctic Expedition a field party explored the lower Taylor Valley from the coast; however, they did not travel up-valley far enough to observe the Taylor terminus or Blood Falls region. (American Geographical Society [1975, Plate 5], Howkins [2016]).
Observations: During the first week of February 1911, the Western Geological Party consisting of Griffith Taylor, Edgar Evans, Frank Debenham, and Charles Wright (members of the 1910-1913 British Antarctica ‘Terra Nova' Expedition) explored the terminus region of Taylor Glacier and Taylor Valley. While Taylor's personal diaries and published books contain racist and otherwise offensive material, they also provide detailed daily descriptions of the party's movement and geological interpretations of features they encountered.Taylor's typewritten transcription of his own sledging diaries from 2 February 1911 contains a mention of red discoloration at the terminus: ‘Reached glacier about 4pm. By streams two feet across and four inches deep. Much bright red efflorescence (?algae) Up to dirt band (icicles) about six feet deep and then buried in silt fans, &c. Very splitty [sic] ice, which detonated under ice axe and flaked hooibly [sic]' (Taylor [1911], available as MCMEH-A000008 [Howkins and others, 2020]). In later publications, a red discoloration was described as: ‘just at the snout of the glacier a bright red alga lent an unusual touch of colour' [Taylor, 1916, p. 136]. There is no mention in Taylor's diaries from February 1911 of any feature resembling a Blood Falls icing cone or lateral icing platform beyond the red discoloration (see sledging diaries archived as MCMEH-A00007 through MCMEH-A00013 [Howkins and others, 2020] and diary transcripts for 1-7 February 1911 on pages 91-94 of Taylor and Hanley [1979]). However, the observations were made late enough in the summer season that any icing from the 1910 winter would presumably have been modified, and extensively so if the icing was from a winter prior to 1910. Photos taken from Bonney Riegel and the Narrows separating the east and west lobes of Lake Bonney are in black and white. The resolution of the pho-
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tographs precludes identification of presence or absence of any icing deposits (Figs. 2A.1, 2A.2, and 2A.3); however, there appears to be some discoloration of the glacial ice at the Blood Falls site.

Figure 2A.1: 1910-1911 field season photo of Taylor terminus as viewed from Bonney Riegel separating the east and west lobes of Lake Bonney. Photo date: 4 February 1911 [Taylor, 1922, p. 216].
Taylor also provided descriptions and sketches of the terminus in relation to Lake Bonney. Taylor described the englacial silt bands, moraines, and proterminal area in sledging diaries, for instance on 3 February 1911 (MCMEH-A000009, Howkins and others [2020]): ‘Soon came to weird foldings [sic] of silt bands in ice, as if glacier affected like the Alps. In one place were zig-zag folds (3 in 3 feet) (vide geological notes). Saw cave penetrating a long way, then down to Esker over stiff mud at snout.' A 4 February 1911 entry seems to refer to Taylor Glacier: (MCMEH-A000010, Howkins and others [2020]): ‘Great argument with Deb. Possibly silt due to thaw. Possibly not. Similarly curves (more possibly), lateral-snout silts.' This contrasts with Taylor's description of Canada Glacier on 5 February (MCMEH- A000011, Howkins and others [2020]): ‘Tramped back over glass-house ice on Lake Chad under Canadian glacier which bedded on rim of ice and not silt.'
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Figure 2A.2: 1910-1911 field season photo of Taylor terminus as viewed from the top of Bonney Riegel. The Page 56 notation refers to where this plate is referenced in the original document. Photo date: 1-7 February 1911. [Taylor, 1922, p. 216].
These descriptions and sketches indicate that the level of Lake Bonney was lower than at the next available observations and photos (1956 onward), and perhaps dramatically so. For instance, Taylor described a separation between the lake and the glacier terminus: ‘Between the lake and the actual face of the glacier was an area of distributed silts, which extended under the glacier; while the later also contained bands of silt, which were boldly curved in the form of an arch with the center thirty feet above the limbs' [Taylor, 1916, p. 134-136]. Taylor also described the proglacial area: ‘Below the glacier was a belt of graded silts and mud, about 200 yards wide. This surrounded the small terminal moraine to be described later. Then the true lake began — the whole being frozen except a marginal belt from 3 inches to 1 foot wide (3 February 1911)' [Taylor, 1922, p. 60]. Fig. 2A.4 is a sketch of the Blood Falls moraine towards the northern end of the terminus and Figs. 2.4 and 2A.5 are sketches of the moraine in the promontory area towards the southern end of the terminus. A hand-drawn map shows no portion of the terminus in contact with the lake (Fig. 2A.6).
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Figure 2A.3: 1910-1911 field season photo of Taylor terminus as viewed from the Narrows separating the east and west lobes of Lake Bonney. Photo date: 7 February 1911 [Taylor, 1922, p. 216].
An additional map titled ‘Map of the Ferrar-Koettlitz District' [Taylor, 1922, Map 4] shows a clear separation between Taylor Glacier and Lake Bonney.

Interpretations: Keys [1979, 1980] cites Taylor [1922] as evidence for a winter 1910 discharge event, possibly at the glacier site. We concur that there is some evidence for brine deposits, and the description of the red discoloration seems to refer to the glacier (or possibly the moraine) rather than the lateral site. However, we do not have enough information to determine if these observations of possible brine deposits indicate that a brine release occurred in 1910 rather than a prior year. We therefore interpret the season 1910-1911 as containing observation of brine deposits with a low confidence level (observation date reliability = 3, observation evidence quality = 1), but do not attribute a brine release date for these deposits.
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Figure 2A.4: 1910-1911 field season sketch of Taylor Glacier moraine by Griffith Taylor [Taylor, 1916, p. 135]. We interpret that the moraine depicted is same moraine over which the Blood Falls fan forms, and thus the small stream flowing into Lake Bonney is Santa Fe Stream.

Figure 2A.5: 1910-1911 field season sketch of promontory moraine by Griffith Taylor [Taylor, 1922, p. 67]. This is the same moraine as depicted in Fig. 2.4.
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Figure 2A.6: 1910-1911 field season map of Taylor Valley drawn by Griffith Taylor [Taylor, 1922, p. 56].
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A.3 1946-1947 field season
Gap in data record: To our knowledge no field parties were present between Taylor's party in February 1911 and Péwe's party in December 1957; however, a few airphotos between these years are available. Other authors similarly state that no field parties were present in the region during this time [Howkins, 2016]. The first airphotos of the Dry Valleys were acquired during the 1946-1947 season as part of Operation Highjump, U.S. Navy Task Force 68 [Roscoe, 1966; Bertrand, 1971; American Geographical Society, 1975]. We therefore assert that the seasons between 1910-1911 and 1946-1947 contain no data for this study.
Interpretations: Airphotos taken during the 1946-1947 field season are from a distance and angle such that details of the Taylor terminus and location of Blood Falls are not visible. To our knowledge, none of the flight lines from this set of U.S. Navy flights pass more closely to the terminus. The photo date on Fig. 2A.7 is 21 February 1947, while Bertrand [1971] describes the flight over the Dry Valleys as occurring on 20 February 1947. We attribute this discrepancy to different time zone frames of reference; regardless, the photos were acquired in late February 1947. We interpret the season 1946-1947 as containing unclear evidence (observation date reliability = 3, observation evidence quality = 0).
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Figure 2A.7: 1946-1947 field season airphoto with view down Taylor Glacier into Taylor Valley towards McMurdo Sound. Date listed on photo: 21 February 1947. Identifier: CA027933R0005 [US Geologic Survey, 2017].
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A.4 1956-1957 field season
Gap in data record: The next recorded observations of the Taylor terminus consist of airphotos from the 1956-1957 season; the seasons between 1946-1947 and 1956-1957 contain no data for this study.
Observations: To our knowledge, no field parties were on the ground at the Taylor Glacier terminus during the 1956-1957 field season. However, airphotos are available from December 1956, including Fig. 2A.8. In Fig. 2A.8, no obvious cracks in the glacier surface near the Blood Falls moraine or fan icing feature are visible. Any discoloration in the area of Santa Fe Stream is unclear given the black and white photo.
Interpretations: We interpret the 1956-1957 season as containing no evidence of brine deposits with a medium confidence level (observation date reliability = 3, observation evidence quality = 2). Black and others [1965, p. 175] states than an examination of airphotos taken in 1956 ‘revealed no discharge', and Black [1969, p. 90] stated that there was no discoloration on airphotos taken in 1956, though Black did not specify which photos these interpretations were based on.
Potential additional observation sources: In January 1957, Ferrar Glacier was abandoned as a potential route for part of the New Zealand IGY-Commonwealth Antarctic Traverse Expedition [USNC-IGY, 1956, p. 3], also referred to as the Commonwealth Trans-Antarctic Expedition (TAE). Reconnaissance helicopter flights took place [New Zealand Antarctic Society, 1957, p. 101], but we have not found any photos that can be reliably attributed to these flights. It is possible that additional photos of the Taylor terminus may exist from these flights. For instance, the Antarctica NZ website contains several photos of Taylor Glacier dated ‘1957-1959' and attributed to the TAE, including one of Taylor Glacier entering Taylor Valley (similar to Fig. 2A.7). However, the photo is from such a distance and angle that it does not provide information about the terminus location or presence/absence of any icing deposits.
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Figure 2A.8: 1956-1957 field season airphoto of Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). Date listed on photo: 6 December 1956. Identifier: CA033932V0176, [US Geologic Survey, 2017].
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A.5 1957-1958 field season
Observations: Troy Pewe and Norman R. Rivard conducted fieldwork in Taylor Valley as well as nearby valleys during the 1957-1958 field season [Meunier and others, 2007]. Pewe intentionally revisited sites that Taylor had made sketches or taken photographs of so as to document changes [Gootee, 2007]. Two photos (Fig. 2A.9 and Fig. 2A.10) show the Blood Falls area of the terminus. There is no obvious Blood Falls fan, though there appears to be some reddish discoloration where Santa Fe Stream meets Lake Bonney. In the MDV Historical Archive, these photos are dated as 15 December 1957 (Fig. 2A.9) and 23 December 1958 (Fig. 2A.10). We confirm that these dates are approximately correct but may not be exact dates. Peewee was at the Taylor terminus during at least 29 December 1957 - 19 January 1958 when the field party was in Taylor Valley and nearby areas conducting glacial geology surveys, and at Lake Bonney and other lakes to collect water and ice samples on 10 February 1958 [USNC-IGY, 1958, p. 8-9]. It is possible that additional trips to Taylor Glacier were not included in the record — regardless, the photos are from the 1957-1958 season.Available airphotos from this season include Fig. 2A.11, captured 1 January 1958. No obvious cracks in the glacier surface near the Blood Falls moraine are visible. No fan feature is visible; however, the photo is from later in the summer season. Discoloration in the area of Santa Fe Stream is somewhat unclear given the black and white photo, though there appears to be some light discoloration along the margins of Santa Fe Stream (compare to Fig. 2A.8b).
Interpretations: We interpret the 1957-1958 as containing observation of brine deposits with a medium confidence level (observation date reliability = 3, observation evidence quality = 2). Further, we concur with Keys [1979] that the evidence is consistent with brine deposits related to the lateral site rather than the glacier site.Keys [1979] cites an unspecified US Navy airphoto and Black [1969] to describe this as a lateral discharge. We note that Black [1969] cites personal communication from Peewee: “No cone or platform was there in December 1967, although a ‘brownish' to ‘yellowish'
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discoloration was seen from the air on the north side of glacier, near the terminus” [Black, 1969, p. 90]. However, Peewee is not listed on the USARP personnel list for the 1967-1968 season [NSF-OPP and US Naval Support Force, Antarctica, 1968b, p. 135-137]; Peewee's only Antarctic field season was the 1957-1958 season [French, 2000]. The apparent typo in Black [1969] attributing Peewee's observation to 1967 did not propagate to later compilations in which the observation was correctly attributed to 1957 [Keys, 1979; Lawrence, 2017], see Appendix B.
Potential additional observation sources: The first Victoria University of Wellington Antarctic Expedition (VUWAE-1) with team members B.C. McKelvey and P.N. Webb conducted fieldwork in Taylor Valley during late January and early February 1958 [New Zealand Antarctic Society, 1967b, p. 591]. However, at the time of writing, we have not found observations of the terminus from this team.

Figure 2A.9: 1957-1958 field season photo of the Taylor terminus by T.L. Peewee (©Troy L. Peewee Antarctica Collection, all rights reserved): (a) original photo, (b) detailed view of area indicated by box in (a). Photo date listed in the source archive is 15 December 1957, but may be from another time during the season (see text). Identifier: MCMEH-P001991, MDV Historical Archive [Howkins and others, 2020].
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Figure 2A.10: 1957-1958 field season photo of Taylor terminus and Lake Bonney ice surface by T.L. Pewe (©Troy L. Pewe Antarctica Collection, all rights reserved). Photo date listed in the source archive is 23 December 1957, but may be from another time during the season (see text). Identifier: MCMEH-P002044, MDV Historical Archive [Howkins and others, 2020].

Figure 2A.11: 1957-1958 field season airphoto of Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). Date listed on photo is 1 January 1958. Identifier: CA035932V0049 [US Geologic Survey, 2017].
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A.6 1958-1959 field season
Observations: Hamilton and Hayes conducted a field study of an icing platform on 15 December 1958 [Hamilton and others, 1962]. They describe a platform with up to 6 feet of vertical relief located on the northern side of Taylor Glacier (Fig. 2A.12), with 3-foot deep channels incised by meltwater from the Taylor and Rhone Glaciers (Fig. 2.6). Hamilton and Hayes speculated that the platform was sourced by meltwater from Rhone Glacier, but noted: ‘The restriction of the saline solutions to the sloping ice platform is puzzling. The platform appears to be an ice delta, formed largely by refreezing of melt water from Rhone Glacier, but nothing comparable to its saline features was seen elsewhere in the region. The bright yellow-brown coloration of the ice by ferric iron is so conspicuous as seen from either the air or the ground that similar features could not have been overlooked in the region visited' [Hamilton and others, 1962, P. B-75]. The MDV Historical Archive contains additional outcrop-scale (field of view is roughly several meters to a few tens of meters) photos of the icing platform and associated salt deposits, including MCMEH-P001592 and MCMEH-P001593 [Howkins and others, 2020].
Interpretations: Subsequent researchers have re-interpreted the source of the icing as the lateral discharge site in Santa Fe Stream, rather than as meltwater from Rhone Glacier [Keys, 1979]. We concur with Keys [1979] that these observations indicate a brine release at the lateral site, and interpret the 1958-1959 as containing observation of brine deposits at the lateral site with a high confidence level (observation date reliability = 3, observation evidence quality = 3).
Potential additional observation sources: During 22-27 December 1958, New Zealand surveyors mapped parts of the Dry Valleys, landing at several locations including Lake Bonney [Harrington, 1959, p. 8]. Graeme Caughley of the NZ Forest Service spent a few days in November 1958 at Lake Bonney and the surrounding area looking for seal carcasses [Caughley, 1960]. At the time of writing, we have not found observations of the terminus from these sources.
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Figure 2A.12: 1958-1959 field season photo of discoloration at the lateral site. Photo: W.B. Hamilton: (a) original photo, (b) detailed view of area indicated by box in (a). Rhone Glacier is the glacier flowing from the top down towards the left of the photo. Photo date listed in the source archive is 1958-1959 field season, though date is likely around 15 December 1958 (see text). Identifier: MCMEH-P001426, MDV Historical Archive [Howkins and others, 2020].
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A.7 1959-1960 field season
Observations and date estimates: Undated photos in the MDV Historical Archive credited to John McCraw include one outcrop-scale photo of a red deposit over a sloping surface with a presumably sub-vertical glacier face in the background [MCMEH-P002568, Howkins and others, 2020]. Without further context, any interpretation of this photo is speculative. An additional photo credited to McCraw [MCMEH-P002538, Howkins and others, 2020] was presumably taken from a helicopter looking down Taylor Valley. Unfortunately, the photo does not include the Blood Falls area of the terminus — the promontory moraine near the southern end of the terminus barely extends into the photo. The McCraw photos are not reproduced here due to unclear copyright permissions.The best date estimate is that these photos are from the 1959-1960 season. In an oral history interview conducted 2 August 2014 [MCMEH-I0013, Howkins and others, 2020], John McCraw describes fieldwork conducted through the New Zealand Soil Survey from December 1959-early January 1960. The field party mainly camped at the mouth of Taylor Valley, but temporarily camped at Lake Chad. During this time, the group completed a 24-hour trek up to Taylor Glacier. In the interview, McCraw vividly recalls walking through the narrow gap that separates the eastern and western lobes of Lake Bonney with Bonney Riegel towering above. However, McCraw makes no mention of any feature resembling Blood Falls. His recollection of the field season in the interview is consistent with a field report published immediately after the field season [McCraw, 1960]. An obituary of McCraw does not mention Antarctic fieldwork other than the 1959-1960 season [Nelson and others, 2015].Available airphotos from November 1959 (including Fig. 2A.13) are from a distance and angle that preclude clear determination of presence or absence of surface cracks or a fan deposit or icing at the Blood Falls or lateral site. Observers (Hamilton and Hayes, see prior section) in the previous summer were very clear that they did not see discoloration or staining other than on the icy platform at the lateral site.
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Interpretations: McCraw's outcrop-scale photo appears to depict a red stained icing deposit draping over the moraine, which would indicate a brine release event had occurred since Hamilton and Hayes were at the terminus the prior summer; we assert that had such a deposit been present during the prior summer season it would have been reported by Hamilton and Hayes. This event is not reported in any other compilations to our knowledge, including Black [1969], Keys [1979, 1980], and Lawrence [2017]. However, a footnote in Table 8.1 Keys [1980, p. 147] appears to refer to a photo taken by McCraw on 4 December 1959 as evidence to bracket a brine release that occurred between 4 December 1959 and 22 November 1961 — this implies that Keys interpreted a 1959 photo from McCraw as not depicting any icing deposit. The McCraw photo depicting Taylor Valley does not show a fan deposit extending onto the lake ice, though in our estimation a small fan would not necessarily extend into the field of view of the available photo. We interpret the 1959-1960 as containing observation of brine deposits at the glacier site with a low confidence level (observation date reliability = 2, observation evidence quality = 1).
Potential additional observation sources: Keys' reference to a McCraw photo, and the presence of photos in the MDV Historical Archive suggest that more photos may exist; if a photo providing more context of the terminus area becomes available a more confident assessment of brine deposit presence or absence could be made. The authors of Angino and others [1962], namely E.E. Angino, M.D. Turner, and E.J. Zeller conducted fieldwork in Taylor Valley during 1959-1961, though to date we found no record of any specific observations of the Taylor terminus from this field team.

93



Figure 2A.13: 1959-1960 field season airphoto of Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). Date listed on photo: 7 November 1959. Identifier: CA054031L0248 [US Geologic Survey, 2017].
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A.8 1960-1961 field season
Observations: At the time of writing, we have not found any aerial photographs or fieldobservation records of the Taylor terminus for the 1960-1961 field season.
Interpretations: We therefore designate the 1960-1961 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: Angino and others [1962] state that they (E.E. Angino, M.D. Turner, and E.J. Zeller) carried out geological field work in Taylor Valley during the 1959-1960 and 1960-1961 field seasons, though the focus of the mapping was in lower Taylor Valley, from the east lobe of Lake Bonney east to where Taylor Valley meets McMurdo Sound. It is not clear if all 3 researchers were present both seasons. Lake Bonney was sampled in January 1961 [Angino and others, 1962], though no mention of saline discharge or Blood Falls is included in the article describing the limnological observations [Armitage and House, 1962]. A 1961 photo (Fig. 2A.14) attributed to Angino shows a clear Blood Falls fan at the glacier site, though the MDV Historical Archive places this photo during the 1961-1962 season (see next section).
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A.9 1961-1962 field season
Observations: During the 1961-1962 field season, samples were collected at Lake Bonney between 29 October 1961 and 12 January 1962; however, the resulting publication includes no mention of a feature resembling Blood Falls or other icing deposits [Angino and others, 1964]. Fig. 2A.14 is attributed to E. Angino and dated 1 December 1961 in the MDV Historical Archive [Identifier: MCMEH-P001841, Howkins and others, 2020]. The photo shows a distinct Blood Falls fan; however, this fan has not been described elsewhere to our knowledge. In the University of Wisconsin Milwaukee Library archives, listed by the MDV Historical Archive as the source of the photo, the photo date is simply listed as ‘1961'3. The photo is part of a collection gifted by E. Angino, so we interpret the photo attribution to Angino as reliable. However, it cannot be excluded that this photo may have been taken during the 1960-1961 season rather than the 1961-1962 season given the listed date of ‘1961'. Angino is not listed on any of the summer USARP personnel lists for 19621963, 1963-1964, 1964-1965, 1965-1966, 1966-1967, 1967-1968, 1968-1969, or 1969-1970 included in the Antarctic Status Report, Antarctic Report, or Antarctic Journal of the US, so the latest date for the photo seems to be the 1961-1962 season. An additional possibility is that the photo is from the 1959-1960 season since Angino was also in the Taylor Valley that season (see prior section). Black and others [1965, p. 175] states ‘Black photographed from considerable distance in the air a small reddish yellow stain at this locality on November 22, 1961'.

3https://collections.lib.uwm.edu/digital/collection/polar/id/149

Interpretations: We interpret the 1961-1962 season as containing observation of brine deposits at the glacier site with a medium confidence level. The photo from Angino is designated with an observation date reliability of 1 and observation evidence quality of 3; however, Black's observation increases our confidence that there brine deposits were observed this season. Keys [1979] cites Black and others [1965] to interpret this as evidence for a winter 1961 event at the glacier and/or lateral site.
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Figure 2A.14: 1961-1962 field season photo of a Blood Falls icing deposit at the Taylor terminus. Photo: E. Angino: (a) original photo, (b) detailed view of area indicated by box in (a). Photo date in the MDV Historical Archive: 1 December 1961; photo date in the University of Wisconsin Milwaukee Library is 1961. Identifier: MCMEH-P001841, MDV Historical Archive [Howkins and others, 2020].
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A.10 1962-1963 field season
Observations: The 1962-1963 field season contains the first published observations of a Blood Falls fan originating from the glacier and flowing over the moraine (Fig. 1, p. 89, Black [1969], not reproduced here due to copyright restrictions). R. Black and T. Berg first observed the red cone on 1 November 1962 [Black and others, 1965, p. 175]).
Interpretations: We interpret the 1962-1963 as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3).
Potential additional observation sources: VUWAE-6 established a temporary camp at western Lake Bonney on 2 January 1963 with team members including Tom Haskell, Warwick Prebble, James Kennett, Ian Willis, Charlie Rich, Gilbert Smith, and Colin Bull (former VUWAE member, but part of the Ohio State University team during the 1962-1963 season). After camping temporarily at Lake Bonney, the team conducted geologic mapping downvalley. VUWAE-7 was at Lake Bonney from 3-9 January 1963 with a field party consisting of Tom Shirtcliffe, Roy Benseman, and K.B. Popplewell. However, neither group makes any mention of brine deposits in the ensuing VUWAE report [Willis and others, 1963].Several photos in the NZ Archive all depict what appears to be the same helicopter at the same location on the ice of Lake Bonney with the Taylor terminus in the background, though the photos are attributed to three different summer seasons and with one exception, do not have photographers listed. We were unable to confirm the date on any of these photos, but mention them here in case more information becomes available to properly date the photos. One photo, listed by the NZ Archive as from the 1961-1962 field season is attributed to Robert Baden Thomson (Photo ANZSC0451.2, Antarctica New Zealand Pictorial Collection [2020]). The slide card says ‘Taylor Valley 1962' and ‘R. Thomson 61/62'. Thomson conducted fieldwork in Antarctica and then served as the superintendent of the NZ Antarctic Division, making more than 50 trips to Antarctica between 1959-1979 [New Zealand Antarctic Society, 1979a], so the photographer in this case does not narrow

98



down the potential season. Further, similar photos are attributed to the 1962-1963 field season, including Photo ANZPC0146.42 with the caption ‘Helecopter [sic] lands on Lake Bonney— Taylor Glacier in the background— 1962-1963, VUWAE'. An additional photo is labelled by the NZ Archive as from the 1963-1964 field season (Photo 63-138). These photos of the Blood Falls area all have a helicopter blade blocking the view of any fan deposit that may have been present. We suggest the photos are more consistent with a date of 1962-1963 because VUWAE-6 and VUWAE-7 were both at Lake Bonney, with VUWAE-6 at western Lake Bonney in particular [Willis and others, 1963], and note that the label of ‘1962' on the Thomson photo could refer to either the 1961-1962 or the 1962-1963 season. An undated photo credited to W. Prebble also appears to be from the same trip [Prebble, 1964]. Prebble was part of the 1962-1963 and 1963-1964 teams that were at the Taylor terminus/Lake Bonney area.
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A.11 1963-1964 field season
Observations and assessments of observation date reliability: Multiple observations from the 1963-1964 season yield somewhat conflicting interpretations. A documentary film, One 

Hundred and Forty Days Under the World, was filmed during the 1963-1964 field season [Scott and Hughan, 1964]. There are also some shots of field kit labelled VUWAE-8, lending reliability to a filming time frame of 1963-1964. In the voice-over of the part of the film about the Dry Valleys, the narrator states: ‘preparations are made for New Zealand research teams to work here in the next 2 months', further indicating that filming occurred early in the summer season. No close footage of the Blood Falls area is included in the film; some shots from across the lake appear to show some reddish discoloration near Blood Falls, but the low resolution precludes any reliable assessment of brine deposit presents or absence at the Blood Falls moraine (Fig. 2A.15a). Some footage very close to the Taylor terminus shows no visible brine deposits in the lateral Santa Fe Stream area (Fig. 2A.15b).According to R. Black, about one-third of icing cone or fan-shaped deposit observed in November 1962 had been removed by December 1963 [Black, 1969, p. 90]. This visit by the University of Wisconsin team (including Black) to Taylor Glacier to examine the brine deposits in December 1963 is also reported in USARP [1963, p. 12]. We are unaware of any photographs from Black's December 1963 visit.Photos from Paul Dayton with very clear Blood Falls brine deposits are included in the MDV Historical Archive. Some do not have a date listed in the archive (MCMEH- P001509, MCMEH-P001510, MCMEH-P001565), and some have a date listed of January 1964 (MCMEH-P001531) or simply ‘1964' (MCMEH-P001553). The Scripps Institute of Oceanography Photographs collection has the same photos as MCMEH-P001565 and MCMEH-P001553 both listed with a date of ‘1963'. Paul Dayton confirmed that all five previously listed photos were from the 1963-1964 season, and specifically: ‘that visit which was, I think, mid-December 1963 or maybe early January, 1964. All the pictures were the same trip and they were taken with my camera, but several by the Kiwi I was helpings [sic]
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because the red coat dude is (or was) me' (Paul Dayton, personal communication to CGC, 20 October 2020). This timing is consistent with Dayton's description of meeting with Alex Wilson (part of the Victoria University of Wellington team) at the Lake Bonney Hut during the visit to Taylor Glacier [Dayton, 2011]. Wilson was part of the VUWAE-8 expedition in 1963-1964, but was not a member of the VUWAE-9 team the following year (see below). Dayton's photos show an extensive brine icing deposit draped over and extending beyond the moraine. Santa Fe Stream incises through the margin of the deposit (Fig. 2A.16). The distal margins of the deposit are more extensively modified (Fig. 2A.17) than the deposits proximal to the moraine (Fig. 2A.18).
Interpretations: We interpret the 1963-1964 as containing observation of brine deposits at the glacier site with a low confidence level (observation date reliability =3, observation evidence quality = 1). While Dayton's photos provide convincing evidence of a brine deposit, they are hard to reconcile with Black's observation that about one-third of the deposit observed in November 1962 had been removed by December 1963. Our best assessment is that Dayton visited the terminus later than Black in the 1963-1964 season. We cannot exclude the possibility that brine release occurred between their visits, this could help explain the discrepancy between Black's description and Dayton's photos. To our knowledge, no other source documents a brine release during the 1963-1964 season, or evidence for a winter 1963 brine release.
Potential additional observation sources: VUWAE-8 conducted fieldwork throughout Taylor Valley during the 1963-1964 season, including near the Taylor terminus. Team members were: W. M. Prebble, A. T. Wilson, H. W. Wellman, R. A. Hoare, R. A. Henderson, D. A. House, and K. B. Popplewell. A supply depot was established at Lake Bonney in mid-November 1963. The team spent 25 December at Lake Bonney, and Japanese scientists joined the VUWAE team 31 December 1963. No mention was found in the VUWAE reports of observations of presence or absence of brine discharge deposits [Wellman and others, 1964]. The Japanese team led by Dr. Torii collected samples at Lake Bonney on 1-2 January 1964 
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before heading to Lake Fryxell [Ambe, 1974, p. 103]; team members included: Tetsuya Torii, Noboru Yamagata, Tsurahide Cho, and Yoshio Yoshida [Torii, 1975, p. 4]. A.J. Heine and Bill Lucy were also at Lake Bonney for 2 days during the 1963-1964 field season to drill holes in the Narrows [Heine, 1964].

Figure 2A.15: 1963-1964 field season still images of the Taylor terminus from the documentary film One Hundred and Forty Days Under the World [Scott and Hughan, 1964]. Screenshot capture timestamps approximately 28:50. Two separate stills show: (a) view across Lake Bonney towards Taylor Glacier; and (b) the terminus, with Santa Fe Stream flowing into Lake Bonney in the foreground. A helicopter towards the right side of image provides a sense of scale. Film footage and permission to reproduce here provided by Archives NZ.
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Figure 2A.16: 1963-1964 field season photo of the Blood Falls icing deposit with person for scale at left. Photo: Paul Dayton. Photo date in the MDV Historical Archive listed as unknown, but we assert the season is likely 1963-1964 (see text). Identifier: MCMEH-P001510, MDV Historical Archive [Howkins and others, 2020]. Photo reproduced with permission from Paul Dayton.

Figure 2A.17: 1963-1964 field season photo ofthe distalpart ofthe Blood Falls icing deposit with person for scale. Photo: Paul Dayton. Photo date in the MDV Historical Archive listed as unknown, but we assert the season is likely 1963-1964 (see text). Identifier: MCMEH- P001509, MDV Historical Archive [Howkins and others, 2020]. Photo reproduced with permission from Paul Dayton.
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Figure 2A.18: 1963-1964 field season photo of the proximal part of the Blood Falls icing deposit. Photo: Paul Dayton. Photo date in the MDV Historical Archive listed as 1964, and we assert the season is likely 1963-1964 (see text). Identifier: MCMEH-P001553, MDV Historical Archive [Howkins and others, 2020]. Photo reproduced with permission from Paul Dayton.
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A.12 1964-1965 field season
Observations: At the time of writing, we have not found any records of field observations of the Taylor terminus for the 1964-1965 field season, or any aerial photographs from this season.
Interpretations: We therefore designate the 1964-1965 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. Therefore, no assessment of presence or absence of brine deposits is made.
Potential additional observation sources: Members of the VUWAE-9 expedition were at Lake Bonney from about 13-25 January 1965, including R.A.I. Bell, D.O. Zimmerman, and probably W.B. Prebble, J. Bradley, D. Palmer, and F. Schafer [Vella and others, 1965]. A Japanese team led by Dr. Torii collected samples at Lake Bonney on 8-9 January 1965 [Ambe, 1974, p. 103]; team members included Tetsuya Torii, Tsurahide Cho, Yoshio Yoshida, Junta Sugiyama, and Zenkicki Hirayama [Torii, 1975, p. 4]. According to the field plan ahead of the season, P.R. Stevens and J.D.H. Williams (Lincoln College, part of NZ program) were to conduct soil surveys in Taylor Valley for a week in December [New Zealand Antarctic Society, 1964, p. 476].The Algal Ecology group from the Ohio State University made ‘three-day' field trips in November 1964 to Lake Bonney and Taylor Glacier to collect meltwater and lake samples [US Antarctic Research Program, 1964, p. 92]; Ohio State University scientists listed as biologists based out of McMurdo for the 1964-1965 season are Derry D. Koob and Paul W. Richard [US Antarctic Research Program, 1965, p. 7-9]. Jones and Faure [1968] thank Dr. Koob for providing samples of ‘Taylor Red Melt' and Lake Bonney water; though Koob was also at Lake Bonney during the 1965-1966 so the sample date is unclear. Beyond this, we have found no observations from any of these field parties about the presence or absence of icing deposits at the Taylor terminus.
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A.13 1965-1966 field season
Observations and date estimates: Robert F. Black and Carl J. Bowser visited the Taylor terminus to study the saline discharge during the 1965-1966 season, and made the following observation about the lack of brine deposits: ‘all of the external addition of salt-rich ice had been destroyed by November 1965' [Black, 1969, p. 90]. Cracks are visible at the terminus in the Blood Falls area in an airphoto taken in December 1965 (Fig. 2A.19). Similar cracks are not visible in the airphotos from the 1956-1957 (Fig. 2A.8) and 1957-1958 (Fig. 2A.11) seasons.
Interpretations: We interpret the 1965-1966 season as containing evidence of no brine deposits with a high confidence level (observation date reliability = 3, observation evidence quality = 3), primarily based on Black's observation.
Potential additional observation sources: VUWAE-10 was in the Lake Bonney area for one week, starting 17 December 1965; team members included: Edward Ghent, Robert Henderson, Ian Smith, and Graham Hancox [Ghent, 1966]. Jones and Faure [1968] thank Dr. Koob for providing samples of ‘Taylor Red Melt' and Lake Bonney water. Koob was based out of McMurdo the previous season (see previous section) and worked at Lake Bonney during the 1965-1966 season [Koob, 1966]. The Japanese team working in the Dry Valleys during the 1965-1966 season included Tetsuya Torii, Noboru Yamagata, Makoto Shima, and Akito Koga [Torii, 1975, p. 4]; the field party was at Lake Bonney from 14-19 December 1965 [NSF-OPP and US Naval Support Force, Antarctica, 1966a]. According to the Antarctic 

Journal of the US chronology, from 13-17 November 1965, the Ohio State field party was at Lake Bonney [NSF-OPP and US Naval Support Force, Antarctica, 1966b], as well as from 10-14 December 1965 and 17-21 January 1966 [NSF-OPP and US Naval Support Force, Antarctica, 1966a]. Wakefield Dort was at Lake Bonney in February 1966 [New Zealand Antarctic Society, 1967a].
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Figure 2A.19: 1965-1966 field season airphoto of Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). Date listed on photo is 9 December 1965. Identifier: CA179432V0105 [US Geologic Survey, 2017].
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A.14 1966-1967 field season
Observations and date estimates: Black [1969] stated that by December 1966, a few brine-filled cracks remained, but there were no icing deposits. A black and white photo from Black [1969] supports this assessment (Fig. 3, p. 89, Black [1969], not reproduced here due to copyright restrictions). A photo of Taylor Glacier taken from Bonney Riegel on 15 December 1966 [Fig. 9, Black and Bowser, 1968] is not of high enough resolution for us to make conclusive interpretations of the presence or absence of brine deposits.
Interpretations: We interpret the 1966-1967 season as containing evidence of no brine deposits with a high confidence level (observation date reliability = 3, observation evidence quality = 3), primarily based on Black's observation.
Potential additional observation sources: VUWAE-11 fielded three separate two-person teams. Ian Smith and Vince Neall were at Nussbaum Riegel in November and December 1966, and another field team of H. W. Wellman and A. R. Duncan also conducted work at Nussbaum Riegel for 5 days. There is no mention of any fieldwork closer to Taylor Glacier than Nussbaum Riegel, and no observations of the Taylor terminus area are included in the resulting VUWAE report [Wellman and Smith, 1967]. Wakefield Dort Jr. (University of Kansas) found a dead seal on Lake Bonney in early November 1966, and had not seen it there in February 1966 [New Zealand Antarctic Society, 1967a]. Edward Derbyshire of Australia's Monash University was in the field with Wakefield during November 1966 [Dort Jr., 1967]. In December 1966, a team from the University of South Dakota collected samples of glacial meltwater entering Lake Bonney [NSF-OPP and US Naval Support Force, Antarctica, 1967].
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A.15 1967-1968 field season
Observations: At the time of writing, we have not found any primary sources of aerial photographs or field observation records of the Taylor terminus for the 1967-1968 field season. However, Keys [1979] cites a photograph from R.L. Armstrong to interpret a brine release from the glacier and/or lateral site. Unfortunately, we have not been able to find photos from Armstrong, or a clear description of the brine deposits in the photo.
Interpretations: We interpret the 1967-1968 season as containing observation of brine deposits at the glacier site with a medium confidence level (observation date reliability = 3, observation evidence quality = 2), though we base this assessment solely on Keys' interpretation of Armstrong's photo.
Potential additional observation sources: A team from Virginia Polytechnic Institute, including Robert E. Benoit worked in the Dry Valleys from October-December, with an 8-day trip to Lake Bonney starting on 28 November 1967. Roy E. Cameron from the Jet Propulsion Laboratory (JPL) was at Lake Bonney as well; the JPL team was in the field through December 1967 collecting samples along an elevation transect from Lake Bonney to the crest of the Asgard Range [NSF-OPP and US Naval Support Force, Antarctica, 1968a]. Arthur A. Twomey and a field assistant were in Taylor Valley to install more instruments for Black's patterned ground study [NSF-OPP and US Naval Support Force, Antarctica, 1968a]; however, Black was not present in the field this season, or at least is not recorded on the list of field personnel [NSF-OPP and US Naval Support Force, Antarctica, 1968b]. Denton and Armstrong also conducted research in Taylor Valley during the 1967-1968 season [Denton and Armstrong, 1968].
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A.16 1968-1969 field season
Observations and date estimates: On 22 January 1969, Robert Black and Arthur A. Twoney visited the Taylor terminus and found icing deposits that they interpreted had formed during the 1968 winter; a black and white photo from this visit has been published (Fig. 2, p. 89, Black [1969], not reproduced here due to copyright restrictions).
Interpretations: We interpret the 1968-1969 season as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3).
Potential additional observation sources: The Japanese team working in the Dry Valleys during the 1968-1969 season included Tetsuya Torii and Noboru Yamagata [Torii, 1975, p. 4]. Stephens and Siegel [1969] describe sampling the saline deposit during the 1968-1969 field season. An Italian National Committee of Scientific Research team led by Professor A.G. Segre conducted research in the Dry Valleys during the 1968-1969 season [New Zealand Antarctic Society, 1973].
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A.17 1969-1970 field season
Observations and date estimates: Several field parties were working in Taylor Valley through the U.S. Antarctic Program during the 1969-1970 field season. McGinnis and Jensen sampled the resistivity of ‘water emanating from a saline discharge on the Taylor Glacier tongue' sometime during December 1969-January 1970 [McGinnis and Jensen, 1970]. The first group of female scientists with the U.S. Antarctic Program conducted field studies in the Dry Valleys during the 1969-1970 season, led by Lois Jones [NSF-OPP and US Naval Support Force, Antarctica, 1969, p. 259]. The Byrd Polar Archive [BPC: Antarctica Expeditions, 1969-1970] contains several photos of the ‘Taylor Red Cone' from the Lois M. Jones Collection (including Fig. 2.3 and 2A.20). In the archive, the photos are all dated to the 1969-1970 season, and to our knowledge, this is the only season Jones was in Antarctica. Tragically during this season, Thomas Berg and Jeremy Sykes died in a helicopter accident in Taylor Valley in November 1969 [NSF-OPP and US Naval Support Force, Antarctica, 1970].
Interpretations: We interpret the 1969-1970 as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3). Observations from this season of brine release deposits have not been previously reported. This may in part be due to the death of Berg, who had in previous seasons provided observations of the presence or absence of Blood Falls deposits; we are not aware whether any of Berg's field notes were recovered after the crash.
Potential additional observation sources: VUWAE-14 conducted fieldwork in the lower Taylor Valley, but there is no mention of the Taylor terminus area in the resulting VUWAE report [Neall and Vucetich, 1970]. A University of Waikato team including Michael Selby, Chris Hendy, Alex Wilson, Jim Johnson was in the Taylor Valley area for 1969-1970 field season, primarily near Canada Glacier [Selby, 1970].
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Figure 2A.20: 1969-1970 field season photo of brine icing deposits at Blood Falls. Photo: L.M. Jones, date listed in the source archive is 1969-1970 field season. Identifier: Antarctic Expedition Image 804, Byrd Polar and Climate Research Center Archival Program, and reproduced with permission from the Ohio State University Archives [BPC: Antarctica Expeditions, 1969-1970].
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A.18 1970-1971 field season
Observations and date estimates: At the time of writing, we have not found any field observations from of the Taylor terminus from the 1970-1971 season. However, airphotos taken in December 1970 do not show icing draped over the Blood Falls moraine, and no discoloration near the lateral site in the black and white photo (Fig. 2A.21).
Interpretations: Weinterpretthe1970-1971 season as containing evidence of no brine deposits with a medium confidence level (observation date reliability = 3, observation evidence quality = 2).
Potential additional observation sources: In January 1971, USSR scientist Sergei Miagkov conducted a phototheodolite survey of several Dry Valley glaciers, including the Taylor and Rhone glaciers [Miagkov, 1976]. Lake Bonney was sampled 30 January 1971 [Yoshida and others, 1971, p. 80] by the Japanese team; team members were: Tetsuya Torii, Yoshio Yoshida, Yuki Yusa, Kiichi Moriwaki [Torii, 1975, p. 4]. A team led by Ann Chapman from the University of Waikato, including J.P. Leader, C.S. Hatton, T.J. Brown, B. Willoughby, and P. Hogg was at Taylor Valley in November-December 1970 [New Zealand Antarctic Society, 1971a].
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Figure 2A.21: 1970-1971 field season airphoto of Taylor Glacier: (a) original photo, (b) detailed view of area indicated by box in (a). Photo date listed on original photo: December 1970. Identifier: CA230332V0170 [US Geologic Survey, 2017].
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A.19 1971-1972 field season
Observations and date estimates: Photos from the 1971-1972 field season include photos from the MDV Historical Archives and Antarctica NZ archive (Figs. 2A.22 and 2A.23). In the MDV Historical Archive, several black and white photographs attributed to G.L. Arnold show icing deposits, and are dated somewhat ambiguously as ‘1-11-72' (MCMEH-P001218, -1219, -1221). We interpret the date of ‘1-11-72' as 11 January 1972 (not 1 November 1972). Similarly-cataloged photographs taken by the same photographer include a photo of Maurice J. McSaveney and Eileen R. McSaveney at Meserve Glacier [including MCMEH-P001209, Howkins and others, 2020], who were conducting research at Meserve during the 1971-1972 field season but not the 1972-1973 field season. Further, the amount of meltwater present in the foreground of the photo and associated photos is more consistent what would be expected around 11 January than 1 November.A photo in the NZ Archive credited to Richard (Dick) K McBridge and tagged with the 1971-1972 field season is taken from a distance, but appears to show reddish discoloration at the Blood Falls area of the glacier. Bonney Riegel blocks the view of the moraine and lake ice, so we cannot discern from this photo alone if icing deposits are present. R.K. McBride is listed as Scott Base support staff for the 1971-1972 field season as the Information OfficerPhotographer [New Zealand Antarctic Society, 1971b], and McBride is not listed on any other staff lists between the 1969-1970 and 1979-1980 field seasons, so we assume the listed date for this photo is reliable. Keys [1979] cites a photo from Yuki Yusa as evidence for a winter 1971 brine release from the glacier, and possibly lateral, site. However, we have not found Yusa's photographs from this season at the time of writing.
Interpretations: We interpret the 1971-1972 season as containing evidence of brine deposits at the glacier, and possibly lateral site, with a high confidence level (observation date reliability = 3, observation evidence quality = 3).
Potential additional observation sources: The Japanese team in the Dry Valleys during the 1971-1972 season consisted of Tetsuya Torii, Takeo Hashimoto, Kinshiro Nakao, Yuki

115



Yusa, and Koichi Nakayama [Torii, 1975, p. 4]. The team sampled the west lobe of LakeBonney during December 1971 and January 1972 [Torii and others, 1972, p. 86]. NewZealand field teams installed climate screens in Lake Bonney, personnel may have included: J. Hawes, W.R. Thompson, and L.K. Cairns [New Zealand Antarctic Society, 1972a].

Figure 2A.22: 1971-1972 field season photo of icing deposits at the Taylor terminus. Photo: G.L. Arnold, date listed on the photo is ‘1-11-72', interpreted here as 11 January 1972 (not 1 November 1972, which would imply the following field season). Identifier: MCMEH-P001219, MDV Historical Archive [Howkins and others, 2020].
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Figure 2A.23: 1971-1972 field season photo of Taylor Glacier with the east lobe of Lake Bonney in the foreground: (a) original photo, (b) detailed view of area indicated by box in (a). Photo: Richard (Dick) McBride, date in archive: 1971-1972 season, identifier: ANZSC0451.17 [Antarctica New Zealand Pictorial Collection, 2020].
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A.20 1972-1973 field season
Observations and date estimates: VUWAE-17 team members observed the ‘Taylor Red Deposit' on 28 November 1972, and followed ‘coloured strata' (presumably refrozen brine- filled cracks) up-glacier until these disappeared [Allis and others, 1973, p. 14]. In Plate 8.3A of Keys [1980, p. 424], an icing deposit extends from the glacier onto lake ice; the view is from about 60m up-glacier from the Blood Falls discharge site looking towards the terminus. Keys [1979, 1980] lists 1972 as a glacier source brine release event, and noted that the brine deposit was younger than the recurring cracks in the moat ice of Lake Bonney, implying a winter 1972 discharge event.There are several photos listed from the 1972-1973 in the MDV Historical Archive that are credited either to Richard Wolak (MCMEH-P003663, -3679, -3683, -3687) or Graeme Claridge (MCMEH-P004852, -4853). The Claridge photos show a striking bright red deposit draped across the moraine and extending onto the lake ice (Figs. 2A.24 and 2A.25); these photos are consistent with the VUWAE team's descriptions and the photo in Keys [1980]. Claridge was based at Vanda Station during the 1972-1973 season [New Zealand Antarctic Society, 1972b]. In contrast, the Wolak photos show red-stained filled cracks in the glacier but no large fan deposit. There are a few small remnants of icing deposit on the sediment in front of the moraine [MCMEH-P003679, MDV Historical Archive Howkins and others, 2020], and there appears to be some remnant icing along the shore of Lake Bonney [MCMEH-P003687, MDV Historical Archive Howkins and others, 2020]. The Wolak photos appear to be from late summer based on the amount of meltwater present. However, we cannot confirm that the Wolak photos are from the listed season. Wolak does not appear in any of the Antarctic 

Journal of the US issues published in 1972-1974 (volumes 7-9); however, the description of Wolak Peak states the feature was named after ‘Richard J. Wolak, administrative assistant at McMurdo Station in the 1972-1973 and 1973-1974 seasons' and that Wolak was station manager at South Pole in 1975 [Secretariat SCAR, 2014]. The amount of modification to the 
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deposits is more than we expect based on what is observed in other seasons, and we suggest that the Wolak photos may actually be from a different season, namely 1973-1974.
Interpretations: We interpret the 1972-1973 season as containing evidence of brine deposits with a high confidence level at the glacier site as well as possibly the lateral site (observation date reliability = 3, observation evidence quality = 3).
Potential additional observation sources: The Japanese research team working in the Dry Valleys during the 1972-1973 season included Tetsuya Torii, Yoshio Yoshida, Takeo Hashimoto, and Shyu Nakaya [Torii, 1975, p. 4]; fieldwork included sampling Lake Bonney between 5-9 January 1973 [Nakaya and others, 1977, p. 30].

Figure 2A.24: 1972-1973 field season photo of brine deposit on Lake Bonney, photo: G. Claridge, date listed in the source archive is the 1972-1973 field season. Identifier: MCMEH- P004852, MDV Historical Archive [Howkins and others, 2020].
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Figure 2A.25: 1972-1973 field season photo of Blood Falls: Photo: G. Claridge, date listed in the source archive is the 1972-1973 field season. Identifier: MCMEH-P004853, MDV Historical Archive [Howkins and others, 2020].
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A.21 1973-1974 field season
Observations: At the time of writing, we have not found any photographs or definitive records of field observations of the Taylor terminus for the 1973-1974 field season. While not a main focus of the VUWAE-18 expedition, a brief (1.5 hour) helicopter stop at the Taylor terminus took place on 22 December 1983 with Harry Keys and John McPherson, during which Keys collected some of the ‘Taylor Red Deposit' [Crump and others, 1974, p. 8]. There is no mention of new icing deposits, and Keys [1979] does not include a 1973 winter event on the list of known events. We do not have enough information to assess if Keys sampled an icing deposit or refrozen brine in cracks in the glacier.As described in the previous section, photos in the MDV Historical Archive credited to Wolak may actually be from the 1973-1974 field season rather than the 1972-1973 season as listed in the archive. In these photos, there is red-stained ice at the terminus with some minor red icicles, but minimal to no icing deposits are visible draped over the moraine area or remaining in the proglacial area (MCMEH-P003679 and MCMEH-P003687, MDV Historical Archive, Howkins and others [2020], not reproduced here due to unclear copyright permissions).
Interpretations: We interpret the 1973-1974 season as containing no evidence of brine deposits with a low confidence level (observation date reliability = 3 (VUWAE reports), 1 (Wolak photos); observation evidence quality = 1 (VUWAE reports), 3 (Wolak photos).).
Potential additional observation sources: A University of Waikato team including: A.T. Wilson, Terry Healy, Adrian Field, John Gumbley, and Chris Reynolds was camped at Lake Bonney for several weeks during the 1973-1974 season [Wilson, 1974]. The Japanese research team working in the Dry Valleys during the 1973-1974 season included Tetsuya Torii, Noboyuki Nakai, Hajime Kurawawa, Kunihiko Watanuki, Shoichi Oono, Hideki Morikawa, Yoshio Yoshida, and Koichi Nakayama [Torii, 1975, p. 4].
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A.22 1974-1975 field season
Observations and date estimates: VUWAE-19 team members were at the Taylor terminus from 15-20 December 1974, and another group was at the terminus in late December-early January. Keys was present from at least 6-10 January 1975 [Keys and others, 1974, p. 21]. However, despite the report being compiled by H. Keys, who was familiar with the icing deposits, the report contains no mention of presence or absence of icing deposits; the compilation in Keys [1979] also does not include a brine release event from the 1974 winter or 1974-1975 season. In high-resolution airphotos, there is no icing deposit draped over the moraine. There is possibly some discoloration in the Santa Fe Stream, but the black and white nature of the photo makes this difficult to interpret (Figs. 2A.26 and 2A.27).
Interpretations: We interpret the 1974-1975 season as containing no evidence of brine deposits with a medium confidence level (observation date reliability = 3, observation evidence quality = 2).
Potential additional observation sources: Field plans published prior to the 1974-1975 field season stated that a team from the University of Waikato would be at Lake Bonney, including C.H. Hendy, A.T. Wilson, T. Healy, A. Bonny, M. Grimsted, and P. King [New Zealand Antarctic Society, 1974]. A team of Japanese researchers were at Lake Bonney 18-22 December 1974 [Matsumoto and Hanya, 1977, p. 82].
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Figure 2A.26: 1974-1975 field season airphoto of the Blood Falls/Santa Fe Stream area of the Taylor terminus: (a) original photo, (b) detailed view of area indicated by box in (a). Photo date listed on original photo: 5 February 1975. Identifier: CA241300V0005 [US Geologic Survey, 2017].
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Figure 2A.27: 1974-1975 field season airphoto of the Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). Photo date listed on original photo: 5 February 1975. Identifier: CA241100V0010 [US Geologic Survey, 2017].
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A.23 1975-1976 field season
Observations: VUWAE-20 conducted velocity surveys at the Taylor terminus, with field team members at the terminus beginning 26 November 1975. VUWAE team members who worked at the Taylor terminus during this season included: Paul Robinson, Alan Palmer, Peter Barrett, Katharine Sillars, and John Collen as well as New Zealand Department of Scientific and Industrial Research (DSIR) personnel West and Wicks [Robinson and others, 1976]. The VUWAE report makes no mention of any new icing deposits at the Taylor terminus; however, Keys [1980, Table 8.1, p. 247] cites photos from Robinson and Collen to bracket dates of a brine release between 22 December 1974 and 26 November 1975 for a 1975 winter event at the lateral site. A winter 1975 event from the lateral source is also included in the compilation by Keys [1979].Miagkov resurveyed several glaciers in the Dry Valleys during the 1975-1976 season [Miagkov, 1976]. Compared to prior surveys in 1970-1971, Miagkov concluded that there were ‘no significant changes in dimensions', but that some glaciers (including Taylor) showed surface elevation changes near their terminal moraines based on a photo comparison.
Interpretations: We interpret the 1975-1976 season as containing evidence of brine deposits with a medium confidence level at the lateral site (observation date reliability = 3, observation evidence quality = 2), primarily based on Key's description of Robinson's photos Keys [1979].
Potential additional observation sources and date estimates: [Shaw, 1977] contains undated photos of the englacial debris bands near the terminus of Taylor Glacier and of the promontory moraine. A person standing on the lake ice beside the moraine provides a sense of scale. The moraine height above the lake ice surface is clearly greater than the persons height — perhaps about twice as tall as the person. The acknowledgements for Shaw [1977] cite funding to Selby and Healy. We suggest that the likely season for these photos is 1975-1976. Selby worked in Taylor Valley during the 1969-1970 and 1971-1972 seasons [Selby, 1970; New Zealand Antarctic Society, 1971b]; Healy worked in the valley during the 
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1973-1974 season [Wilson, 1974], and Healy and Shaw were both in Taylor Valley during the 1975-1976 season [New Zealand Antarctic Society, 1975], including work at Lake Bonney [New Zealand Antarctic Society, 1976a].Donald S. Horning sampled for tardigrades at Lake Bonney on 15 December 1975 [Horning, 1976]. Susan West, Margaret Bradshaw, M. Wenden, and B. Chalmers also conducted research at Lake Bonney during the 1975-1976 season [New Zealand Antarctic Society, 1975].
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A.24 1976-1977 field season
Observations and date estimates: VUWAE-21 conducted research at the Taylor terminus in the 1976-1977 season, and the initial report states: “The area of mineral discharge (Black et al, 1965) at the snout of Taylor Glacier was closely examined. Another saline discharge has occurred since the summer of 1975/76, mainly on the lateral stream delta. A cold (min. temp. —7.8°C) saline spring was found flowing in late November, near the source of the lateral discharge. Such a spring does not appear to have been observed previously although Hamilton et al (1962) describe a saline ‘ice platform' at this location which was probably similar to the saline ice build-up from this most recent discharge. Estimated spring flow rates show some diurnal variation and possibly a relationship with spring temperature. No simple relationship exists between flow and air temperature and/or pressure.” [Keys and others, 1977, p. 9]. Team members at the Taylor terminus that season included: Paul Robinson, John (Harry) Keys, Alan Palmer, Tim Stern, Andrew Frost, as well as Bill Wicks and John Nenkervis. Keys [1980] includes several photos of the lateral icing as well as the lateral site actively flowing (Plates 8.3B, 8.4, and 8.5, p. 244-225). On the lateral icing, ice blisters up to 1.5m tall were photographed in October 1976 [Plate 8.4, Keys, 1980]. Two photos in the Antarctica NZ archive are attributed to J.D. Palmer with a date of 1976-1977 (Figs. 2A.28 and 2A.29). New Zealand Antarctic Society [1976b] states that a surveyor named J.D. Palmer will conduct mapping work for the NZ Antarctic Division during the upcoming 1976-1977 season; we therefore assume that the photos are correctly attributed to J.D. Palmer rather than Alan Palmer of the VUWAE party. J.D. Palmer was also part of the 1977-1978 field season [New Zealand Antarctic Society, 1977b, p. 79], so it is possible the photos are from the later field season. Nonetheless, Figs. 2A.28 and 2A.29 are consistent with the field descriptions and the photos from Keys [1980].
Interpretations: We interpret the 1976-1977 season as containing evidence of brine deposits with a high confidence level at the lateral site as well as the glacier site (observation 
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date reliability = 3, observation evidence quality = 3). The active lateral outflow is included by Lawrence [2017] as a summer 1976 brine release event.
Potential additional observation sources: The Japanese Dry Valleys team collected samples in the Lake Bonney area during 21-27 December 1976; team members included: Kat- sutada Kaminuma, Tetsuya Torii, Keizo Yanai, Genki Matsumoto, and Yoshiki Tanaka [Kaminuma and others, 1977, p. 145-146]. A team from Waikato University was also at Taylor Glacier in December 1976, including: Terry Healy, Nick Rodgers, Peter Kemp, and Allan Willoughby at Taylor Glacier [New Zealand Antarctic Society, 1977c].
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Figure 2A.28: 1976-1977 field season photo oficing deposits incised by Lawson Creek. Photo: J.D. Palmer, date in archive is the 1976-1977 season, identifier: ANZSC0665.9 [Antarctica New Zealand Pictorial Collection, 2020].
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Figure 2A.29: 1976-1977 field season photo of Taylor Glacier, looking across East and West Lake Bonney; brine deposits are visible in the Blood Falls area: (a) original photo, (b) detailed view of area indicated by box in (a). Photo: J.D. Palmer, date in archive is the 1976-1977 season, identifier: ANZSC0665.3 [Antarctica New Zealand Pictorial Collection, 2020].
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A.25 1977-1978 field season
Observations and date estimates: The NZ Archive contains a photo credited to Keith Thompson with the field season listed as 1977-1978 (Fig. 2A.30). There is another photo credited to Keith Thompson with the slide labelled ‘Xmas 1977 in Taylor Valley. Waikato at Fryxell', and the 1977-1978 field season is the only season during the 1970s and 1980s for which we found Thompson listed in the Antarctic (listed as ‘Keith Thomson', New Zealand Antarctic Society [1977b], p. 84). We therefore find the date and photographer for Fig. 2A.30 reliable. The photo shows an icing deposit that has been modified by melt and sublimation; it is unclear from the photo if the source was from the glacier or lateral site, or how far the icing extends.During the 1977-1978 field season, VUWAE-22 consisted of three field parties who were joined at various times by personnel from the New Zealand Antarctic Research Programme (NZARP), as part of New Zealand's DSIR. VUWAE-22 field members were: Paul Robinson, Alan Hull, James ‘Jim' Johnson, Nicholas ‘Nick' Logan, Barrie McKelvey, James ‘Jim' Met- son, and Alex Pyne. NZARP personnel joining the VUWAE-22 parties included: J. ‘Poma' Palmer, Jos Lang, Nigel Nalder, Walter Fowlie, Colin Monteath, and Max Wendon [Robinson and others, 1978]. The earliest group arrived at the Taylor terminus 1 November 1977, and various combinations of VUWAE and NZARP personnel were at the Taylor terminus, Lake Bonney, and surrounding areas from 1-4 November 1977, 21 November - 3 December1977, 17 December 1977 - 10 January 1978, and 11-23 January 1978 [Robinson and others,1978, Appendix 2 - Itineraries].The VUWAE detailed daily itinerary further states: ‘Toboggan to Taylor Glacier snout and establish camp, observation of saline spring site' for 30 November 1977 [Robinson and others, 1978, p. 23]. However, no observations of presence or absence of deposits is recorded in the report. Given the detailed surveys of the terminus region, frequent visits to the terminus throughout the season, and the familiarity of VUWAE expeditions with the saline discharge (the field report from the prior year contains a detailed description of outflow on 
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the ‘lateral spring delta', see previous section), we interpret that the lack of any mention of lateral brine deposits or outflow as an indication that no active discharge was from the lateral spring was observed. While Keys [1979] does not list an event from 1977, [Keys, 1980] lists a small event in 1977 sourced from the glacier site, citing photos from N. Logan.
Interpretations: We interpret the 1977-1978 season as containing evidence of brine deposits with a high confidence level, probably sourced from the glacier site (observation date reliability = 3, observation evidence quality = 3). As mentioned above, Keys [1979] does not cite this event, and since Lawrence [2017] used Keys [1979] as the source for events from this time frame, the event is not included in the Lawrence compilation either. However, the event is included in Keys [1980].
Potential additional observation sources: NZ Antarctic Division executive officer N.C. McPherson flew to Lake Vanda via Lake Bonney in the early season (October) of 1977-1978 [New Zealand Antarctic Society, 1977a, p. 107].
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Figure 2A.30: 1977-1978 field season photo of icing deposits with the west lobe of Lake Bonney in the background. Photo: Keith Thompson, photo date listed in archive is the 19771978 field season, identifier: ANZSC0665.18 [Antarctica New Zealand Pictorial Collection, 2020].
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A.26 1978-1979 field season
Observations and date estimates: The Glacial Sediment Study (Event 12) party of VUWAE-23 consisted of Peter Barrett, Philip Bentley, Paul Robinson, and Stewart Ross. Robinson and Ross were in the Taylor terminus area as early as 21-28 October 1978 [Barrett and others, 1979], and observed brine actively flowing from the glacier site (Fig. 2A.31) at a rate of about 0.5L/s [Keys, 1980, p. 248]. The VUWAE report also contains a photo of the icing deposit [Barrett and others, 1979, Plate 1]. While Keys [1979] lists this event as sourced from the glacier site only, Keys [1980] notes deposits of salt at the lateral site in a photo from January 1979 (see Plates 8.1 and 8.2 in Keys [1980]).
Interpretations: We interpret the 1978-1979 season as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3). We agree with Keys [1980] that brine deposits were also present at the lateral site.
Potential additional observation sources: The NZ Ministry of Works and Development (MOWD) measured Lake Bonney at the beginning and end of the summer season; field members included Ian Halstead, Royd Cummings, Andrew Woods, and Lloyd Smith [New Zealand Antarctic Society, 1978, p. 217].
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Figure 2A.31: 1978-1979 field season photo of Blood Falls with active brine discharge occurring; person for scale towards the right margin of the icing deposit on the moraine. Photo: Robinson, photo date: October 1978 [Robinson, 1979, p. 150]. Reprinted with permission from Paul Robinson through Victoria University of Wellington.
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A.27 1979-1980 field season
Observations: At the time of writing, we have not found any aerial photographs or field observation records of the Taylor terminus for the 1979-1980 field season.
Interpretations: We therefore designate the 1979-1980 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: As part of the VUWAE-24 Taylor Glacier Gravity Survey, H. Miller (West Germany) and B.A. Sissons collected gravity observations on the lower Taylor Glacier and in Taylor Valley from 7-24 December 1979 [Pyne and others, 1980, p. 33], but there is no mention of presence or absence of icing deposits in the VUWUE field report. The NZ MOWD measured Lake Bonney water levels at the beginning and end of the season, team members included A. Oliver and P. Hall, with support from Vanda Station leader Gary Lewis [New Zealand Antarctic Society, 1979b, p. 374].
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A.28 1980-1981 field season
Observations: Airphotos are available for the 1980-1981 season (Fig. 2A.32), but the resolution is lower than those from prior and subsequent seasons. At the typical Blood Falls location, part of the moraine appears to be covered (compare location indicated by red arrows in Fig. 2A.32b and Fig. 2A.33b). The photo was taken in early February, so any fan deposit that had been present from the prior winter would have been modified by this time in the season. Given the resolution and black and white nature of the photo, it is difficult to conclusively determine if this apparent covering of the moraine is related to brine icing, ice cliff collapse, or another reason. However, the general shape and location of the feature is consistent with brine icing deposits.
Interpretations: Therefore, we interpret the 1980-1981 season as containing observation of brine deposits at the glacier site with a low confidence level (observation date reliability = 3, observation evidence quality = 1). To our knowledge, a brine release from this time frame has not previously been reported.
Potential additional observation sources: As part of VUWAE-25 (and NZARP Event 15), Steven Simmons and Greg Mortimer were at the Taylor terminus during 7-8 January 1981 to conduct bedrock sampling, but there is no mention of presence or absence of icing deposits in the VUWAE field report [Barrett and others, 1981]. The NZ MOWD measured Lake Bonney water levels at the beginning and end of the season, team members included T. Chinn, I. Maze, with support from Vanda Station under station leader Peter Johnstone [New Zealand Antarctic Society, 1980, p. 76]. The Japanese team consisting of Shyu Nakaya, Tetsuya Torii, Tsurahide Cho, Eitarou Wada, and Genki Matsumoto conducted research in the Dry Valleys this season, including a survey of Lake Bonney during 24-28 December 1980 [Nakaya and others, 1982].
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Figure 2A.32: 1980-1981 field season airphoto of the Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a), arrow points to a presumed icing deposit draped over the Blood Falls moraine (compare with Fig. 2A.33b). Date listed on original photo: 3 February 1981. Identifier: CA290400V0105, [US Geologic Survey, 2017].
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A.29 1981-1982 field season
Observations and date estimates: Undated photos in the MDV Historical Archive (including MCMEH-P002966, -2985, -2986, -2988, -2999, -3002, and -3004, Howkins and others [2020]) attributed to Harold Neumann show an obvious red icing deposit and appear to all have been taken during the same field season. This icing appears to be sourced from the lateral discharge site [MCMEH-P002985, MCMEH-P002988, and MCMEH-P003004, MDV Historical Archive Howkins and others, 2020, photos not reproduced here due to unclear copyright permissions]. Red-stained, refrozen brine-filled cracks in the glacier terminus are visible, but minimal icing appears to be draped over the moraine. People in the photo are listed as ‘Genki Inoue' (photos MCMEH-P002985 and -2999), Tetsuya Torii (photo MCMEH- P002986) and Yuki Yusa (photo MCMEH-P002985). We assume that ‘Genki Inoue' is Genki I. Matsumoto, and we compared other photos from the New Zealand photo archives tagged with Matsumoto, Torii, and Yusa to confirm that the people in the Neumann photos appear to be correctly identified. To our knowledge, the only season this combination of people was in the field was 1981-1982 (see field party lists in prior and subsequent sections).
Interpretations: Therefore, we interpret the 1981-1982 season as containing observation of brine deposits at the lateral (and possibly glacier) site with a medium confidence level (observation date reliability = 2, observation evidence quality = 3).
Potential additional observation sources: The NZ MOWD collected lake level measurements of Lake Bonney at the beginning and end of season, the team included Andrew Woods and others, supported by Vanda Station under leader Russell Millington [New Zealand Antarctic Society, 1981, p. 212-213]. Haruta Murayama, Yuki Yusa, Genki Matsumoto, and Tetsuya Torii were in the Lake Bonney area during the 1981-1982 field season to monitor rising lake levels and collect measurements at the Narrows, including sampling the west lobe of Lake Bonney on 27 December 1981 [Murayama and others, 1983, p. 137].
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A.30 1982-1983 field season
Observations and date estimates: At the time of writing, we have not found any field observations of the Taylor terminus area. Available airphotos from January 1983, including Fig. 2A.33, show cracks in the glacier surface in the Blood Falls area. The moraine does not appear to have any icing deposits; however, the photos were taken 18 January 1983 so any icing deposits that had been present would have been modified by the summer melt season. We are not able to determine presence or absence of lateral icing deposits from the black and white photo.
Interpretations: We interpret the 1982-1983 season as containing evidence of no brine deposits with a low confidence level (observation date reliability = 3, observation evidence quality = 1).
Potential additional observation sources: The NZ MOWD collected lake level measurements of Lake Bonney at the beginning and end of season; the team included Trevor Chinn, Trevor Butler, and Ralph Dickson, with support from Vanda Station under leader Ron Garrick [New Zealand Antarctic Society, 1982, p. 381].
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Figure 2A.33: 1982-1983 field season airphoto of the Taylor terminus area: (a) original photo, (b) detailed view of area indicated by box in (a). In (b), arrow points to Blood Falls moraine with no visible icing deposits draped over the moraine, in contrast to Fig. 2A.32. Date listed on original photo: 18 January 1983. Identifier: CA248032V0123, [US Geologic Survey, 2017].
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A.31 1983-1984 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1983-1984 field season.
Interpretations: We therefore designate the 1983-1984 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: During the 1983-1984 season, the Dry Valleys Drilling Project (DVDP) drilled a series of 60m holes between Lake Bonney and New Harbour, where Taylor Valley meets McMurdo Sound. Team members included: John Hay and Stephen Pilcher (NZ Antarctic Division); Warwick Potter and Bruce Morris (Victoria University of Wellington geology students); Donald P. Elston, Hugh J. Rieck, and Gary J. Calderone (USGS); and Paul Robinson of the NZ Geological Survey (New Zealand Antarctic Society [1984a, p. 160]; Meunier and others [2007]).The Japan Polar Research Association's team conducted research at Lake Bonney and the surrounding area in 1983-1984 with team members: Tetsuya Torii, Genki Matsumoto, Tsurahide Cho, Tamio Kawano and Chisato Tomiyama, assisted by Peter Sampson from Vanda Station [New Zealand Antarctic Society, 1984a, p. 165]. This included sampling at the west lobe of Lake Bonney between 8-12 December 1983 [Matsumoto and others, 1985, p. 111-112].The NZ MOWD collected lake level measurements of Lake Bonney at the beginning and end of season; the team included Jeff Robertson and Bruce Mason [New Zealand Antarctic Society, 1983a, p. 85]. Vanda Station may have provided support for some measurements; Vanda Station crew included: Malcolm MacFarlane, K.E. Meyer, M. Fraser and Peter Sampson [New Zealand Antarctic Society, 1983b, p. 90].
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A.32 1984-1985 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1984-1985 field season.
Interpretations: We therefore designate the 1984-1985 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: The NZ MWOD continued beginning and end of season monitoring of Lake Bonney with team members: Lloyd Smith and Eric Valentine (Water and Soils Division, MWOD) and Pat Sole (NZ Antarctic Division) [New Zealand Antarctic Society, 1984b, p. 237-238]. The Japan Polar Research Association's team conducted research this season based out of Vanda Station, team members included: Tetsuya Torii, Takao Mokimoto, Kazuhisa Komura, and Shu Naraya. [New Zealand Antarctic Society, 1984b, p. 240]. Additionally, a September 1984 description of the upcoming field season plans stated that Bill Block (British Antarctic Survey), Laurence Greenfield (University of Canterbury), and Eric Godley (former DSIR) intended to visit plant sites at Lake Bonney in late December 1984 [New Zealand Antarctic Society, 1984c, p. 247], though we have not found records from this trip.
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A.33 1985-1986 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1985-1986 field season.
Interpretations: We therefore designate the 1985-1986 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: NZ MWOD monitoring of Lake Bonney continued in 1985-1986, conducted by Trevor Chinn, Peter Mason, Warwick Potter, and Rob Finlayson [New Zealand Antarctic Society, 1985, p. 388]. The Japan Polar Research Association team included Tetsuya Torii, Genki Matsumoto, Katsumi Yoshimitsu, Tetsuo Takeuchi, and Noriyasu Masuda. The team continued their geochemical studies of the lakes in the Dry Valleys, based out of Vanda Station [New Zealand Antarctic Society, 1985, p. 388].
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A.34 1986-1987 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1986-1987 field season.
Interpretations: We suggest that observations may exist for the 1986-1987 season (field parties present nearby, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: At the time of writing, we have not found records of any field parties at Lake Bonney or the Taylor terminus. According to plans published for the upcoming field season, George M. Simmons, (Virginia Polytechnic Institute and State University), along with Robert A. Wharton, Jr. and Christopher P. McKay (NASA) were to conducted research at Lake Hoare, down valley from Lake Bonney, during the 1986-1987 season [NSF, 1986]. James G. Bockheim (University of Wisconsin, Madison) was to conducted soil mapping research in the Taylor and Wright Valleys [NSF, 1986].
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A.35 1987-1988 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1987-1988 field season.
Interpretations: We therefore designate the 1987-1988 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: Gary D. Clow conducted research in the Taylor Valley during the 1987-1988 season [Meunier and others, 2007]. Chris Hendy, Fiona Judd, Willem de Lange, and Kay McAdam were researching glacial deposits in the Lake Bonney area [New Zealand Antarctic Society, 1987, p. 200]. Alan Campbell visited Antarctica as an artist through the US NSF for the 1987-1988 season. In an interview, Campbell described one site as ‘back around the Taylor Valley on a promontory at Lake Bonney adjacent to the upper Taylor Glacier' [New Zealand Antarctic Society, 1988b, p. 305] — we interpret this as a description of as Bonney Riegel. However, we have not found any sketches or observations from this visit.
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A.36 1988-1989 field season
Observations: At the time of writing, we have not found any aerial photographs or recordsof field observations of the Taylor terminus for the 1988-1989 field season.
Interpretations: We suggest that observations may exist for the 1988-1989 season (field parties present nearby, see below) but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: At the time of writing, we have not found records of any field parties at Lake Bonney or the Taylor terminus. Geologic mapping of the parts of the Taylor Valley by Ian Turnbull, Jane Forsyth, and Rod Sewell (NZ Geological Survey) and Andrew Allibone (NZ Antarctic Division) was conducted during the 1988-1989 season [New Zealand Antarctic Society, 1988a, p. 323].
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A.37 1989-1990 field season
Observations and date estimates: Jonathan White visited Antarctica as an artist during the 1989-1990 field season, and was the first artist to join a NZ team on the ice since 1981 [New Zealand Antarctic Society, 1989, p. 409]. We therefore assert that images in the NZ Archives attributed to Jonathan White with dates of 1988-1989 are incorrectly listed; the dates should be listed as 1989-1990. Several images credited to pilot Chris Rudge and listed with the 1989-1990 field season have nearly identical subject matter, including similar hydrological conditions (amount of meltwater in streams, etc.) as White's artwork; it seems likely that Rudge and White were visiting these sites together. There are no photos or artwork depicting any icing deposits. In one photo credited to Rudge (Fig. 2.10), there is discoloration of the glacier ice itself at the Blood Falls site, but there is no icing over the moraine.
Interpretations: We interpret the 1989-1990 season as containing observation of no brine deposits at the either the glacier or lateral site with a medium confidence level (observation date reliability = 2, observation evidence quality = 3). We note that the red brine-filled cracks indicate that a brine release occurred at some time prior to this season. We speculate that the event occurred prior to the 1988-1989 season because the lack of icing deposits observed in 1989-1990 suggests more than one summer season had passed since the brine release.
Potential additional observation sources: Gary de Rose (DSIR) measured Lake Bonney during the 1989-1990 field season as part of the regular lake monitoring program [New Zealand Antarctic Society, 1990, p. 5].
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Figure 2A.34: 1989-1990 field season painting of the Taylor terminus and Lake Bonney. Note that date listed in archive is 1988-1989 season, but we suggest the correct season is 1989-1990 (see text). Artist: Jonathan White, identifier: ANZPC0129.12 [Antarctica New Zealand Pictorial Collection, 2020].

Figure 2A.35: 1989-1990 field season photo of the Taylor terminus and Lake Bonney. Photo: Chris Rudge, date listed on photo in archive: December 1989, identifier: ANZSC0665.20 [Antarctica New Zealand Pictorial Collection, 2020].
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Figure 2A.36: 1989-1990 field season painting of the promontory area of Taylor Glacier. Note that date listed in archive is 1988-1989 season, but we suggest the correct season is 1989-1990 (see text). Artist: Jonathan White, identifier: ANZPC0129.6 [Antarctica New Zealand Pictorial Collection, 2020].
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A.38 1990-1991 field season
Observations and date estimates: At the time of writing, we have not found any photographs or sketches from the 1990-1991 field season. However, there is a very clear description of brine release occurring: ‘These discharges were so large during the summer of 1990-1991 that by January 1991 reddish-orange slush covered extensive areas of shoreline next to the glacier and was conspicuous from a distance of several kilometers.' [Spigel and Priscu, 1998, p. 167]
Interpretations: We interpret the 1990-1991 season as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3). This event is reported in the Blood Falls brine release compilation by Lawrence [2017].
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A.39 1991-1992 field season
Observations and date estimates: Mikucki and others [2004, p. 201-202] cites personal observation from Priscu (coauthor of Mikucki and others [2004]) that sometime between February-August 1991 a Blood Falls discharge event occurred, and created a deposit several hundred meters out onto the lake ice. A photo in the Antarctica NZ archive is credited to ‘T Webster' and dated to 1991-1992. We suspect the photo credit should be to ‘J Webster', that is, Jenny Webster. The hand-written note on the slide appears to say ‘J' but is covered by the slide holder. Related photos, including ANZSC1016.21, are credited to Jenny Webster and ANZSC0488.22 is dated as November 1991. One photo from the set shows Blood Falls with an icing deposit draped over the moraine and onto the lake ice (Fig. 2A.37).
Interpretations: We interpret the 1991-1992 season as containing observation of brine deposits at the glacier site with a high confidence level (observation date reliability = 3, observation evidence quality = 3). This event is reported in the Blood Falls brine release compilation by Lawrence [2017].Fig. 2B.1 is listed in the MDV Historical Archive [Howkins and others, 2020] with a field season tag of 1991-1992, and is referenced by Lawrence [2017] as one piece of evidence for a 1991 winter event. However, the date stamp in the upper right of the photo is ‘1 6 1997' and we suggest that the January 1997 date is correct (see Section 2.9). The different date does not change our interpretation that brine release deposits from the glacier source were observed during the 1991-1992 season because our interpretation is based on different evidence.
Potential additional observation sources: As part of VUWAE-36, on evening of 14 November 1991 Alex Pyne went on a RNZAF helicopter reconnaissance flight, including to Lake Bonney [Pyne and Powell, 1992, K042 91-92 Logistics Report #2]. Ben Hatcher, Ron Nugent, Pat Neale, Bob Spigel, and Thomas Robert Sharp were at Lake Bonney during the 1991-1992 season; notably, some team members were present earlier in the season (August) than is typical for most Dry Valleys fieldwork [Sharp, 1993].
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Figure 2A.37: 1991-1992 field season photo of researcher on Lake Bonney with Blood Falls icing deposit in the background: (a) original photo, (b) detailed view of area indicated by box in (a). Photo: Jenny Webster-Brown, photo date in archive listed as 1991-1992 season, we suggest the photo is likely from November 1991 (see text). Identifier: ANZSC1016.19 [Antarctica New Zealand Pictorial Collection, 2020].
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A.40 1992-1993 field season
Observations: At the time of writing, we have not found any aerial photographs or records of field observations of the Taylor terminus for the 1992-1993 field season.
Interpretations: We therefore designate the 1992-1993 season with observations likely to exist (field parties present, see below), but the nature of these observations are unknown at the time of this writing. We make no assessment of presence or absence of brine deposits.
Potential additional observation sources: Hydrologists working in in Taylor Valley during the 1992-1993 season included Harold R. House at Lake Hoare and Lake Bonney and Diane M. McKnight in the Lake Fryxell basin and various Taylor Valley melt streams [Meunier and others, 2007]. The NZ lake monitoring survey was to be conducted by Kevin Taylor during the 1992-1993 season [New Zealand Antarctic Society, 1992b, p. 298]. John C. Priscu and a team from Montana State University planned to be at Lake Bonney this season to study nitrogen [New Zealand Antarctic Society, 1992a, p. 313]. Wendy Lawson (University of Auckland), Christopher Nelson (consultant engineering geologist), Sean Fitzsimons and Kathryn Humphreys (University of Otago) worked at glaciers in the Taylor and Wright Valleys for six weeks during the 1992-1993 from early December 1992 until mid-January 1993 [New Zealand Antarctic Society, 1992b, p. 292]. All the photos of Wendy Lawson at Taylor Glacier in the NZ Archive (including photos ANZSC1026.18., ANZSC1026.20, and ANZSC1030.6) are tagged from the 1993-1994 field season, when Lawson was also at Taylor Glacier.
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A.41 1993-1994 field season
Observations and date estimates: Multiple photos from the Antarctica NZ archive and the MDV Historical Archive, as well as USGS airphotos (including Fig. 2A.38), show an obvious red fan-shaped icing deposit at the glacier site. Additionally, one photo in the MDV Historical Archive is listed with a photo date of 1993-1994 that shows a reddish ice deposit with an overlying layer of white ice (Fig. 2A.40). If the photo is correctly dated, this is likely evidence that outflow occurred at the lateral site in addition to the glacier site. A photo in the NZ Archive credited to Craig Potton during the 1993-1994 season shows a clear icing fan deposit across the moraine and onto the lake ice (Fig. 2A.39). We find the date listed in the archive for this photo as reliable; Craig Potton was a photographer in Antarctica with a media team in the 1993-1994 season [New Zealand Antarctic Society, 1993, p. 100].
Interpretations: We interpret the 1993-1994 season as containing observation of brine deposits at the glacier site (and possibly the lateral site) with a high confidence level (observation date reliability = 3, observation evidence quality = 3). Lawrence [2017] cites MCM-P000815 (reproduced here as Fig. 2A.41) and USGS aerial photos as evidence for winter brine release, with an earliest image date in the season of 11/21/1993. Lawrence also references MCM-LTER samples on 12/20/93 and 1/19/94 as evidence for ongoing summer brine release during the 1993-1994 season. We note that even if some of the cited field photos from researchers are attributed to the incorrect season, the USGS photo date is reliable, and all sources agree on the presence of a substantial icing fan at Blood Falls during the 1993-1994 season.
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Figure 2A.38: 1993-1994 field season airphoto of Taylor terminus area with Blood Falls icing deposit: (a) original photo, (b) detailed view of area indicated by box in (a). Photo date listed on original photo: 22 November 1993, identifier: CA308200V0108 [US Geologic Survey, 2017].

Figure 2A.39: 1993-1994 field season photo of Blood Falls. Photographer: Craig Potton, photo date in archive: 1993-1994 season, identifier: ANZSC0666. 14 [Antarctica New Zealand Pictorial Collection, 2020].
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Figure 2A.40: 1993-1994 field season photo of Santa Fe Stream with icing deposits. The MDV Historical Archive lists the following photo contributors: Diane McKnight, Karen Cozzetto, Lauren Tomkinson, and Cathy Tate with the publisher listed as the U.S. National Science Foundation. The archive lists the date for the photo as the 1993-1994 season, identifier: MCMEH-P0000625 [Howkins and others, 2020].

Figure 2A.41: 1993-1994 field season photo of researcher measuring Lawson Creek, Blood Falls in background. The MDV Historical Archive lists the following photo contributors: Diane McKnight, Karen Cozzetto, Lauren Tomkinson, and Cathy Tate with the publisher listed as the U.S. National Science Foundation. The archive lists the date for the photo as the 1993-1994 season, identifier: MCMEH-P0000815 [Howkins and others, 2020].
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Appendix B — Suggested corrections to previously published work
We provide suggested corrections to two previously published compilations of Blood Falls brine releases. These corrections do not change the interpretations of the original authors, rather, these are typographical or similar errors. We also suggest updates to metadata for various photos from the MDV Historical Archive as noted throughout Appendix A.In Black [1969], a reference is made to a 1967 observation by Troy Pewe. However, to our knowledge Troy Pewe was not at Taylor Glacier in 1967; for instance, a biography states that Péwe's only Antarctic season was during the 1957-1958 summer season [French, 2000]. Peewee conducted extensive fieldwork in Taylor Valley in 1957 [Peewee and Church, 1962]. Keys [1979] cites [Black, 1969] to list a brine release in 1957 (but cites a different source for the 1967 event), and Lawrence [2017] cites Keys [1979] for both. Thus the initial typo seems not have propagated beyond the initial publication [Black, 1969].In Lawrence's compilation of Blood Falls brine releases [Table 2, Lawrence, 2017], the event designated as winter 1911 as observed by Taylor 1911 should be designated as prior to winter 1911. The observation is from early February 1911, predating winter 1911. We also suggest removing MDV Historical Archive photo MCMEH-P000571 as evidence of a 1991 winter brine release because we think the photo metadata is incorrect in the archive (see below). We note that Lawrence [2017] provides other evidence for the 1991 winter event, namely evidence from Mikucki and others [2004]. Therefore, we agree with listing a 1991 winter brine release in the compilation.Fig. 2B.1 is listed in the MDV Historical Archive [Howkins and others, 2020] with a field season tag of 1991-1992. However, the date stamp in the upper right of the photo is ‘1 6 1997'. Visible in the photo are a line of sandbags across Lawson Creek. According to the MCM-LTER Stream Team website,4 the gauge at Lawson was first installed during the 1994-1995 field season. Sandbags are mentioned in field notes from 15 December 1994.5 

4www.colorado.edu/cwest/research/research-themes/water-ecosystem-interactions/mcmurdo-dry-  
valleys-stream-teams

5 https://mcm.lternet.edu/sites/default/files/LAWSON_12151994_1615.pdf
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There is a field note from the MCM-LTER Stream team dated 6 January 19976 , providing circumstantial evidence that agrees with the camera stamp date on the photo. The initials on the field note are NB and DK (presumably Nate Booth and Diane McKnight based on stream team member lists on the MCM-LTER Stream team website).

6 https://mcm.lternet.edu/sites/default/files/LAWSON_01061997_1046.pdf

Figure 2B.1: Photo of Blood Falls icing deposits, date uncertain. The MDV Historical Archive lists the following photo contributors: Diane McKnight, Karen Cozzetto, Lauren Tomkinson, and Cathy Tate, with the publisher listed as the U.S. National Science Foundation. Photo date listed in archive: 1991-1992 season, but we assert the date is more likely 6 January 1997, during the 1996-1997 field season. Identifier: MCMEH-P000571 [Howkins and others, 2020].
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Chapter 3: Wintertime brine discharge and unexpected absence of associated elevated Rayleigh wave seismicity at Blood Falls, Taylor Glacier, Antarctica 1

1 Manuscript in prep: Carr, C.G., E.C. Pettit, and J.D. Carmichael, Wintertime brine discharge and 
unexpected absence of associated elevated Rayleigh wave seismicity at Blood Falls, Taylor Glacier, Antarctica

3.1 Abstract
A subglacial groundwater system beneath Taylor Glacier discharges hypersaline, iron-rich brine at the glacier surface to create Blood Falls. We document wintertime brine discharge using time-lapse photography and test a hypothesis that elevated surface wave energy precedes and/or coincides with brine release events. However, we do not observe discernible increases in Rayleigh wave detection rates prior to or during Blood Falls brine release. Instead, we find a pattern of seismic events dominated by a seasonal signal, with more Rayleigh events occurring in the summer than the winter from the Blood Falls source area. We calculate that the volumetric opening of cracks that would generate Rayleigh waves at our detection limits are of similar size to myriad cracks in glacier ice, lake ice, and frozen sediment in the terminus area. We therefore propose that seismicity coincident with brine release activity likely consists of a series of smaller opening events that are masked by the non-brine release Rayleigh-wave activity of the local environment. We further propose that the fracturing that allows brine to migrate through the glacier initiates near the bed of the glacier, rather than from the surface.

3.2 Introduction
Episodic discharge of subglacially-sourced, iron-rich brine at the terminus of Taylor Glacier forms the feature named Blood Falls (Figs. 3.1 and 3B.1). The brine discharges over the course of weeks to months during releases that occur several times per decade. Brine deposits have been observed at two subaerial locations: the Blood Falls site at the glacier surface and a lateral site near the northern terminus margin. Chapter 2 contains a compilation of observations documenting the presence or absence of brine deposits at these 
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sites during the summer seasons 1903-1904 through 1993-1994 for which observations are available. Lawrence [2017] includes a partial history of observations of brine release activity from the pre-1993-1994 period and an extensive record for the post-1993-1994 period. In this paper we focus on the Blood Falls site; therefore, phrases like ‘brine discharge' and ‘brine release event' refer to discharge at the Blood Falls site unless otherwise specified.An unresolved question is what triggers the episodic brine release from Blood Falls. Researchers have hypothesized that meltwater-driven fracturing during the summer melt season could propagate deep enough into the glacier to trigger brine outflow [Carmichael and others, 2012]. Brine releases can occur during the wintertime in the absence of surface melt, so meltwater-driven fracture cannot explain all brine release events. Cracks in the glacier surface are often observed following a brine release event; these cracks extend tens of meters from the terminus up-glacier, and can be on the order of tens of centimeters wide (Fig. 3B.1 in Appendix B.1). This evidence of fracture generated near documented brine release points, and the visible presence of cracks that follow a brine release suggest that brine release may have mechanical waveform signatures that can be recorded by unattended sensors (like seismometers) that could record brine release activity during times when human observers are not present or when polar night hampers time-lapse photo data collection. We follow the season definitions of Obryk and others [2020] wherein the month of October is spring, November-February are summer, March is autumn, and April-September are winter.Here, we use time-lapse photography to document a brine release event that began in winter 2014. Large surface cracks were visible when researchers arrived the following summer field season (2014-2015, Fig. 3B.1). Rayleigh waves are a type of surface wave that have been previously documented in glacial settings to indicate surface crevassing [e.g., Neave and Savage, 1970; Deichmann and others, 2000; Mikesell and others, 2012]. Therefore, we hypothesize that the opening of the Blood Falls-related cracks at the glacier surface generates detectable Rayleigh waves with elevated seismicity (number of seismic events per unit of time) prior to and/or during the brine release activity observed in the time-lapse photos.
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Figure 3.1: Time-lapse images of Blood Falls at the Taylor Glacier terminus. (a, c) direct view of Blood Falls with ice-capped Lake Bonney in foreground and (b, d) side view of Blood Falls. Image dates are clockwise from upper left (during 2014): 27 January (end of summer melt season), 13 May (14 hours before first visible brine outflow), 29 May, and 16 September (late winter).
3.2.1 Blood Falls: an episodically active hydrologic feature at Taylor Glacier

Taylor Glacier is an outlet glacier from the East Antarctic Ice Sheet that flows into Taylor Valley where the central portion of the terminus ends in ice-capped Lake Bonney. Typical ice temperatures are near —17°C in the terminus region [Pettit and others, 2014]. At this cold polar glacier, surface meltwater runs off the glacier through large channels incised into the glacier surface [Johnston and others, 2005]. The supraglacial component of the glacier hydrologic system primarily exerts control on the subglacial component through its influence on ice thickness [Badgeley and others, 2017], rather than through direct contribution of meltwater.
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Wintertime discharge events at Blood Falls result in the buildup of a fan-shaped icing deposit that drapes over the proglacial moraine and Lake Bonney ice surface (Chapter 2). Icings (also called naled, aufeis, or overflow) form in a variety of environmental settings when sub-surface water emerges and refreezes at the ground surface and have been documented at polythermal and cold-based glaciers. At these glaciers, englacially- or subglacially-stored meltwater emerges at the ice surface or out of proglacial sediments to produce icings [e.g., Skidmore and Sharp, 1999; Hodgkins and others, 2004; Irvine-Fynn and others, 2011]. At Taylor Glacier, summertime discharge events also occur, but do not create the same icing because the brine freezing point is much lower than typical summertime air temperatures. For instance, englacially-stored brine sampled following the winter 2014 Blood Falls release had a temperature of —7.1°C with 2043mM Cl salinity [Lyons and others, 2019]; brine sampled at the surface during a December 2004 discharge event had an average temperature of —5.6°C and 1347mM Cl salinity [Mikucki and others, 2009].Airborne electromagnetic surveys of Taylor Valley reveal several connected groundwater systems [Mikucki and others, 2015; Foley and others, 2016], including the subglacial groundwater system beneath the Taylor terminus. Blood Falls can be considered a groundwater spring and Lake Bonney a terminal lake in this system, with an estimated 1.5 km3 of brine-saturated sediments extending under the ice for at least 6 km up-glacier from the lake [Mikucki and others, 2015]. Ice thickness gradients resulting from highly incised surface channels in the terminus area impose strong hydraulic potential gradients at the glacier bed that route some subglacial flow towards Blood Falls and some towards the central terminus [Badgeley and others, 2017] where subglacial brine discharges directly into proglacial Lake Bonney [Lawrence and others, 2020]. Less frequently, brine also discharges through sediment at lateral sites near the glacier margin (Chapter 2 and references therein).The supraglacial component of the hydrologic system is active during the short melt season. During this time, most meltwater generated on the glacier either runs off the glacier in large supraglacial melt channels [Johnston and others, 2005] or pools in cryoconite holes 
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or shallow ponds that refreeze at the glacier surface [Fountain and others, 2004]. Pathways for meltwater delivery into the glacier consist of crevasses, which are only present near the ice cliff margins and within the last few hundred meters of the terminus; moulins or similar deep connections to the englacial or subglacial components are absent.Following the winter 2014 brine release described in this paper, englacially-stored brine was sampled in-situ during the following summer field season [Kowalski and others, 2016; Badgeley and others, 2017; Campen and others, 2019; Lyons and others, 2019]. The brine can remain liquid despite the cold ice temperatures due to salinity-driven freezing point depression, and presumably also due to latent heat effects. Geochemistry of the brine outflow at Blood Falls further suggests the subglacial brine has been isolated from the atmosphere for more than 50,000 years [Mikucki and others, 2009]; stratigraphic evidence from drill cores in Taylor Valley suggest possible isolation since the late Miocene-early Pliocene [Elston and Bressler, 1981]. Microbial analysis of brine collected from englacial storage following the winter 2014 event also supports the idea that the subglacial brine reservoir is isolated from solar energy due to the extremely low abundance of phototropic genetic sequences [Campen and others, 2019]. The geochemistry of the englacially-stored brine that was sampled in situ as well as of brine discharged at the glacier surface indicates that the brine solutes represent ancient seawater that has been heavily modified through cryoconcentration and subglacial weathering (englacial brine geochemistry described by Lyons and others [2019]; surface brine geochemistry described by Mikucki and others [2009]).
3.2.2 Taylor Glacier seismicity and hypotheses for brine release mechanisms

Seismicity at the Taylor Glacier terminus region is characterized by strong seasonal patterns, and temporally variable environmental microseismicity is known to influence the minimum event size that short-term average to long-term average (STA/LTA) algorithms can detect [Carr and others, 2020]. During the summertime, seismicity varies diurnally when surface melt is absent and seismic events are located on the glacier and lake ice [Carmichael 
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and others, 2012]. However, when surface melt occurs, the diurnal seismicity pattern is suppressed and the event size and location pattern change. Seismic activity during melt periods consists of larger events with volumetric opening source mechanisms and locations consistent with crack opening in the Blood Falls area [Carmichael and others, 2012]. Therefore, meltwater-drive surface crevassing was proposed as a possible mechanism for triggering Blood Falls brine release if the surface crevasses were able to propagate deep enough [Carmichael and others, 2012].The winter 2014 brine release documented in our paper occurred in the absence of surface melt (see Fig. 3B.5 in Appendix B.2 for data from a nearby meteorological station), so we do not attribute the triggering of the winter 2014 event to meltwater-driven crevassing. Nonetheless, large surface cracks were observed following the winter 2014 brine release (Fig. 3B.1). Similar cracks have historically been observed following brine release events at the Blood Falls site (see Chapter 2).We therefore developed a seismic detector to monitor the Blood Falls source region for Rayleigh-wave activity that would indicate surface crevassing. We use a seismic correlation detector that is based on identifying statistically significant elliptically polarized energy. Our algorithm modifies an automated Rayleigh-wave detection algorithm routine described by Chael [1997]. Rayleigh-wave detection operates on the principle that the elliptical polarized energy of a Rayleigh wave can be transformed to linearly polarized energy via a phase-shift of the vertical channel — this transformation also converts linearly polarized body waves and Love waves into elliptical polarization that do not trigger the correlation detector. Typically, Rayleigh detectors scan through possible source back azimuths to find peak correlation values between the Hilbert-transformed vertical and rotated radial channels to infer a source location [e.g., Chael, 1997; Kohler and others, 2019]. In contrast, we assume a known source location and monitor the correlation values through time to describe Rayleigh-wave seismicity originating along back azimuths pointing from the sensors towards Blood Falls.
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Seismic detectors that test correlation statistics for the presence of seismic waveform energy are more sensitive than waveform detectors that test for the presence of incoherent waveform energy, like an STA/LTA detector [Carmichael and Nemzek, 2019]. Therefore, our detector has, in principle, the capability to identify waveforms of lower energy that originate from Blood Falls release locations compared to the STA/LTA detectors applied in our previous studies [Carr and others, 2020].
3.3 Data and methods
3.3.1 Time-lapse photos and timestamp correction

We deployed one time-lapse camera at the shore of Lake Bonney about 500 m from the terminus, with a direct view of Blood Falls (Fig. 3.1a, d) and a second time-lapse camera on the north side of the terminus with a side view of Blood Falls (Fig. 3.1b, c; co-located with station KRIS in Fig. 3.2). Intervals between photos are 1 hour (direct view camera) and 2 hours (side view camera); power failure resulted in missing images at both cameras. The direct-view camera was not operational during the initial brine release in May and June. During installation, the time zones corresponding to the internal clock settings on the timelapse cameras were not recorded; we recognized this oversight during data review. Our time zone correction procedure is further described in Appendix A.1. The time-lapse photo data are available for public access through the US Antarctic Program Data Center [Pettit, 2019].
3.3.2 Seismic data and Rayleigh wave detector

We deployed a 3-seismometer network (Fig. 3.2). The network consisted of Sercel L-22 sensors that sampled surface motion at 200 s 1 and logged data to local hard drives; power was provided by solar panel and battery assemblies. One seismometer (JESS) was installed on the glacier near Blood Falls and two (CECE, KRIS) in the frozen sediment at the lateral terminus margins. Seismometers were installed during the summer 2013-2014 field season and removed during the 2014-2015 field season. Power loss at land-based station KRIS 
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resulted in a data gap from 29 June 2014 - 1 October 2014. The other stations (CECE and JESS) recorded for the duration with no large data gaps. We also excluded portions of the data for each station based on visual review of spectrograms confirming poor data quality on one or more channels (see Appendix B.3). We used the remaining data as input into our Rayleigh detector. The seismic data are available for public access through the IRIS Data Management Center [Pettit, 2013].

Figure 3.2: Seismometer locations and back azimuth directions for the Rayleigh detector. ZR source back azimuths connect the seismometers to Blood Falls; detections based on these correlograms indicate a Rayleigh wave travelling in the direction connecting Blood Falls to the seismometer. ZT source back azimuths are 90°clockwise; detections based on the ZT correlogram indicates a Rayleigh wave travelling toward the seismometers from the back azimuth indicated by the blue arrow. Base image: Google, Maxar Technologies, image date: 5 December 2008.
Our Rayleigh-wave detection algorithm operates as follows (for a more detailed description, see Appendix A.2). For each station, we pre-process the data with detrending and 
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bandpass filtering (passband 2.5-35 Hz) operations. We then rotate horizontal channels into a radial/transverse reference frame with respect to Blood Falls (Fig. 3.2), and Hilbert transform (phase advance by π{2 radians) the vertical channel. We calculate correlation coefficients between the aligned radial and Hilbert-transformed vertical channels with a 0.75 s, tapered, sliding window. Next, we define statistically significant thresholds for detection based on best-fit probability density functions calculated for consecutive 30-minute blocks of data.We then run the algorithm multiple times to implement a range of threshold constant false alarm rates. A constant false alarm rate (CFAR) is defined as the probability that the detection statistic exceeds the threshold in the absence of a Rayleigh seismic event. Rayleigh events are declared when the correlation value between the radial and Hilbert-transformed vertical channel exceeds the specified threshold CFAR for at least 0.31 seconds. In our detector, a Rayleigh event declaration also requires a minimum temporal separation from preceding or succeeding events (3.29 seconds); if the temporal separation is less than this, the ‘events' are grouped together as a single event (see Fig. 3A.2 in Appendix A.2 for an example). For Rayleigh events with correlation values above the threshold CFAR, we store the event duration, maximum correlation value, and associated p-value. For each 30-minute block we store quantitative routine output that includes the parameters that shape the best- fit correlation density function, such as the mean, standard deviation, and thresholds that associate with the different CFAR conditions we implement.
3.3.3 Dominant frequencies and event durations of detected Rayleigh events

To further investigate temporal variation in event duration and frequency throughout the year, we conduct the following analysis using the event catalogs generated by running the Rayleigh event detector. Each event catalog is defined as the collection of events identified from one station using a specific CFAR condition and back azimuth, for instance: events 
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identified at CECE with a back azimuth pointing towards the Blood Falls source region (ZR in Fig. 3.2) under a CFAR condition of 1 xl0 -6.For each event identified by the detector under a specified CFAR condition, the duration of the event is defined as the total time elapsed between the first and final threshold exceedance within the event declaration (see Fig. 3A.2 in Appendix A.2 for an example). Therefore, even if the same event is identified under multiple CFAR conditions, the event will have different event durations under different threshold conditions with shorter durations corresponding to larger threshold values (lower CFAR values).The dominant frequency within the passband for each event was calculated as follows: event start and end times from the detector output were used to extract seismogram data from the original SAC files. These data were then detrended, filtered ([2.5,35] Hz), and rotated using the same methods as implemented in the event detector. We calculated the dominant frequency following Douma and Snieder [2006, equation 3]. The dominant frequency can be calculated on any channel: east, north, radial (back azimuth connecting station to Blood Falls), transverse, or vertical, regardless of which channels were used to identify the Rayleigh event.
3.3.4 Rayleigh detector minimum detectable event size analysis

We perform an experiment to measure the temporal variability of the minimum event size detectable by our Rayleigh detector. To do so, we estimate the minimum duration of a Rayleigh wave pulse excited by instantaneous crack formation, and then estimate both the high and low frequency limits of expected correlation between a radial and vertical channel, after those waveforms are immersed in noise.The model uses physical parameters typical for cold glaciers (including seismic velocities and ice density) as well as experiment parameters specific to our 2013-2015 field seismic deployment (including the sampling interval and instrument response parameters). The crack for the template source event is a vertical crack at the glacier surface that opens 1 cm; 
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the crack planar surface area is √10m by √ 10 m. Thus, when the crack opens, the volumetric change is 0.1 m3.In our physical model, a point source with a delta source time function excites a Rayleigh wave. A sensor located √2 km from the seismic source records the Rayleigh waveform after this waveform attenuates in ice and thereby broadens, diminishes in amplitude, and superimposes with noise. The ‘noise' is a random sample of the pre-processed (detrended, filtered, rotated) multichannel data from a specific 30-minute window; this sample is cut to the same length as the synthetic source waveform.After adding the source waveform to the noise waveform, we calculate the resulting correlation coefficient between the radial and Hilbert-transformed vertical channels. We compare this correlation value with the threshold previously determined by the Rayleigh event detector for the 30-minute window the noise sample came from. If the correlation value of the source superimposed on the noise sample does not exceed the threshold, we scale the source (scale the synthetic Rayleigh waveform) until the resulting correlation value exceeds the threshold.We track the minimum detectable event size corresponding to the scaling required for the correlation to exceed the threshold, and repeat the experiment using thresholds and data samples from different 30-minute time windows. We intentionally selected the same winter days (20-22 May 2014) that were used in the STA/LTA detector threshold event size analysis described by Carr and others [2020].
3.4 Results
3.4.1 Wintertime brine outflow

During the 2014 austral winter, time-lapse cameras captured brine outflow activity as a series of pulsed events, first visible on 13 May (Fig. 3.1). Brine release continued through 8 June, after which darkness made data interpretation difficult, but outflow likely occurred through 28 June when power failure interrupted data collection. One image was captured
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on 22 August, a few images were captured in mid-September, and by the end of September regular image capture restarted because solar power was available for the system to resume data collection. During the three weeks of initial brine release, air temperatures recorded at a nearby meteorological station [approximately 3 km up-glacier from Blood Falls, Doran and Fountain, 2019] did not exceed —4.1°C and averaged —20.7°C (Fig. 3B.5); we therefore do not expect that any surface melt occurred.The single image captured in August (Fig. 3.3c) shows the fan surface had already been modified, presumably by sublimation. Subsequent, but infrequent, image collection shows that parts of the icing deposit were removed over the next several weeks. However, during October and early November, liquid is visible flowing down the icing surface (Fig. 3.3e-f). We suspect this is additional Blood Falls brine, but cannot exclude the possibility that this is meltwater from preexisting icing deposits flowing down the icing fan. Melt channels incise the fan in mid-December, and the fan is more heavily modified by melt and sublimation. By mid-January at the end of the photo record, the icing deposit is much smaller than in prior months, partly because the lateral stream and melt from the edges of Lake Bonney flood the edges of the Blood Falls fan (Fig. 3.3h).
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Figure 3.3: Time-lapse photos documenting a winter 2014 brine release event that was first visible on 13 May 2014. (a) Late summer photo prior to brine release, (b) winter photo of icing deposit after 17 days of brine discharge, (c)-(f) subsequent modification of the icing fan via melt, ablation, incision by liquids (surface meltwater and/or additional subglacially- sourced brine), and (g)-(h) further modification via flooding by the lateral stream and Lake Bonney moat.
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3.4.2 Rayleigh-wave event detections
We ran the Rayleigh event detector with one-sided CFAR thresholds of: 5x10 5, 1x10 5, 5x10 6, 1x10 6, 1x10 7, 1x10 8, 1x10 9, and 1x10 10 as a way to test the sensitivity of our results. We subjectively determined that the 5x10 6 CFAR condition provided the best compromise between smaller CFAR conditions wherein the detector skipped waveforms that we would have manually identified and larger CFAR conditions wherein the detector identified portions of seismograms that we could not visually attribute to Rayleigh-type signals rather than coherent background noise.We plot time series of Blood Falls back azimuth event detection rates (per 30 minutes) under a CFAR condition of 5x10 6 for the duration of the seismic data record in Fig. 3.4. The initial brine release period (13 May - 8 June 2014) is highlighted in red. Results from other CFAR conditions are plotted in Fig. 3B.10 (Appendix B.4) to show the variability in event detection rates depending on CFAR condition. Gaps in the time series plots represent missing data (e.g., power failure at KRIS during July-mid-October) or when one or more channels were compromised. The North channel at CECE was not recording properly until the seismometer was serviced in late January 2014, and all three channels at JESS failed as the 2014-2015 melt season progressed, presumably due to flooding of the installation by meltwater (see Figs. 3B.6 and 3B.7 in Appendix B.3).As expected, larger CFAR values result in larger absolute numbers of detected events. The same relative patterns of seismicity (event rate) are apparent across a range of CFAR values, though the patterns are more muted for smaller CFAR values (Fig. 3B.10). We detect Rayleigh events during all times of the year, with the highest event detection rates in November - January. For part of the summertime at some stations, Rayleigh wave emission rate remains elevated (never returns to zero) for days at a time (see station JESS Jan 2014, Fig. 3.4e and station KRIS Jan 2015 Fig. 3.4c). We also observe Rayleigh events arriving at the three seismic stations for all back azimuths tested (see Fig. 3B.11 for results corresponding to the ZT back azimuth directions mapped in Fig. 3.2).
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JESS recorded the highest 30-minute event rates of the winter around the start of the brine release period (tallest red peak is 6.2 events per 30 minutes in Fig. 3.4e and Fig. 3.4f ). Other wintertime peaks at this station are typically around 3-4 events per 30 minutes. From around 20-27 May 2014, during the initial brine release period, land-based stations CECE and KRIS (Fig. 3.4b,d) recorded event rates around 1 event per 30 minutes while JESS recorded zero events during most 30-minute windows.

Figure 3.4: Events per 30 minutes detected by the Rayleigh-wave detector under the CFAR = 5x10-6 condition, from Blood Falls back azimuths. See Fig. 3.2 for the ZR back azimuth directions for each station. (a,b) land-based station CECE, (c,d) land-based station KRIS, (e,f) on-ice station JESS (some rates above 10 events/30 minutes are cut off by the vertical scale, as is the tallest red peak in f). The left column is the entire data record from 20 November 2013 - 20 January 2015; the right column is from 1 April - 1 July 2014 (note different vertical scale). On all panels, the initial brine release period 13 May - 8 June 2014 is highlighted in red. All time series are smoothed with a 5-point (2-hour duration) moving window.
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3.4.3 Dominant frequencies and event durations of detected Rayleigh events
Our examination of event duration and dominant frequency time series did not point to any clear changes leading up to or coinciding with the initial brine release period. Instead, we observe seasonal and intra-station differences in event characteristics.We plot dominant event frequency (on the vertical channel) against time of day in Fig. 3.5 and against event duration in Fig. 3.6, binned by month of year. Because our seismic experiment spanned November 2013-January 2015, a few month bins include data for more than one year, depending on station data availability. Darker colors represent events identified under smaller CFAR conditions (larger threshold values). As expected, more events are identified under larger CFAR values (Fig. 3B.12 in Appendix B.4).At all stations, the dominant frequency of detected Rayleigh events spans the passband ([2.5, 35] Hz), but visually cluster around certain frequency bands. Prominent examples include the strong horizontal bands between 20-30 Hz for land-based station CECE during March through October (Fig. 3.5b). Dominant frequency patterns vary throughout the day during the summer. In particular, at on-ice station JESS in November (and to some extent in December), more events are detected and across a wider frequency band from 18:00-06:00 UTC; from 06:00-18:00 UTC, dominant frequencies group toward the upper range of the passband (Fig. 3.5a). A similar, but muted, pattern is apparent at CECE in November and December.At all stations, event duration is dominated by a cluster around 0.65 seconds (bold subvertical cluster of points on all panels of Fig. 3.6). The cluster spans a range of frequencies, and events identified under lower CFAR conditions (higher thresholds) in particular cluster around this event duration. In detail, at JESS, higher frequency events in this cluster have longer durations (the ‘vertical' cluster in Fig. 3.6a is tilted toward the right). At land-based stations CECE and KRIS, the grouping of event duration around the cluster at 0.65 seconds is more diffuse, and at the lower frequency bands of KRIS, event duration splits into several distinct bands (Fig. 3.6, see also Fig. 3B.12).
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Figure 3.5: Dominant frequency on the vertical channel during Rayleigh events and event time of day (UTC) for Blood Falls back azimuth events for each station. Darker data points represent smaller CFAR values (larger threshold values). Plots for some station/month pairs include data from multiple years.
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Figure 3.6: Dominant frequency on the vertical channel during Rayleigh events and event duration for Blood Falls back azimuth events for each station. Event duration is plotted on a log scale. Darker data points represent smaller CFAR values (larger threshold values). Plots for some station/month pairs include data from multiple years.
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3.4.4 Detection thresholds
We calculated the minimum event size detectable at each station from 20-22 May 2014. In Fig. 3.7, crack size is reported in terms ofcrack edge length for convenience. We calculated the minimum event size in terms of a volumetric opening, and converted this to the equivalent crack dimensions for a crack that opens 10 cm and has a square planar area. However, our results do not imply any specific crack aspect ratio or opening distance. The minimum detectable cracks for land-based stations CECE and KRIS average less than 2 m long by 2 m deep for a crack opening 10 cm (Column 3, Table 3.1). At the on-ice station JESS, minimum crack sizes are larger; for many 30-minute windows we could not detect cracks at the maximum edge length scaling of 5.14 m (red x's in Fig. 3.7c). Variability of minimum detectable crack size within a given 30-minute window is around 0.5-1 m in crack edge length (vertical bars in Fig. 3.7).Table 3.1: Mean opening volume and equivalent crack edge length for Rayleigh-wave events at the detection threshold, averaged for 20-22 May 2014.Station Mean volumetric opening (m3) Equivalent crack edge length1 (m) Number of 30-minute windows above maximum crack size tested2CECE 0.3338 1.827 4KRIS 0.3109 1.763 1JESS 0.7497 2.738 42

1 calculated for a crack that opens 10 cm, where edge length = crack length = crack depth 
2 total number of 30-minute windows is 144
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Figure 3.7: Threshold crack edge length for a crack opening 10 cm under the 5x10-6 CFAR condition. We tested 15 different noise samples per 30-minute window. The mean crack size for the 15 samples is the bold blue line, and the vertical grey bars show the range of threshold crack sizes. Red x's indicate 30-minute windows for which the threshold crack size was larger than the maximum tested (5.14m) for all noise samples, and red o's indicate 30-minute windows for which the threshold crack size was larger than the maximum tested for some noise samples. Note log scale of y-axis.

180



3.5 Discussion
Our results suggest that, at least for the 2014 winter event, meltwater-driven fracture of surface cracks was not the likely trigger for brine release. Meteorological data (Fig. 3B.5) indicate that surface melt was not occurring during the wintertime brine outflow event. This suggests that the brine release was not triggered by a surface meltwater drainage event, as documented in other cold glacier settings [e.g., Boon and Sharp, 2003], and has been suggested as a potential triggering mechanism for Blood Falls brine release during the melt season [Carmichael and others, 2012].

3.5.1 Hypotheses for apparent lack of seismic signature of brine release
We do not observe an obvious increase in Rayleigh wave activity prior to or during brine release. A possible exception is the peak in event rate at JESS on 13 May 2014 (tallest red peak in Fig. 3.4e,f), but the elevated event rate does not persist. We also do not observe changes in event duration, event detection rates, or detection statistic values for Rayleigh events detected during the weeks prior to or during initial brine release. Instead, the dominant pattern of variation of Rayleigh-wave activity during our experiment is seasonal, with higher and more variable event detection rates during the summer.We present four hypotheses for the puzzling apparent lack of increased Rayleigh-wave seismicity associated with the winter 2014 Blood Falls brine release.
Seismic signature outside the frequency bands of our experiment: One possibility is that the diagnostic seismic signature of Blood Falls activity is aseismic in the frequency band covered by our experiment. The L-22 seismometers have a natural or corner frequency of 2 Hz, and for our installation the Nyquist frequency was 100 Hz (sample rate: 200 Hz). The Rayleigh detector used in this study as well as the STA/LTA detectors from our previous study [Carr and others, 2020] implement [2.5,35] Hz bandpass filters. Our Rayleigh detector imposed an effective minimum event duration of 0.31 seconds (see Appendix A.2); we therefore cannot detect any events of shorter duration. The detector places no explicit 
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constraint on maximum event duration (other than the theoretical limit of the 30-minute window length); the maximum event durations recorded are 20-30 seconds (Fig. 3B.12). Nonetheless, the frequency and duration bands we sample are of similar order to that of Rayleigh wave characteristics associated with glacier surface crevassing reported in previous studies. Kohler and others [2019] found Rayleigh wave events consistent with modelled source depths of <10 m to have frequencies around 1-15 Hz, with durations of <1-6 seconds. With a bandpass filter of [10,80] Hz, Mikesell and others [2012] found a dominant frequency of 45 Hz for Rayleigh wave events associated with surface crevasse opening. We therefore expect that if there are Rayleigh-wave generating surface crevassing events at our field site, our detector should find them based on our experimental design.At higher frequency bands than that of our experiment , researchers have identified small seismic events located deep in glaciers. For instance, Helmstetter and others [2015] observed repeating events characterized by short duration (0.1 s), high frequency (100 Hz), impulsive arrivals and distinct body waves but no surface waves, and determined that these events represented sources deep in the glacier. The event characteristics they describe agree with seismic events that other researchers have described as basal icequakes [e.g., Deichmann and others, 2000; Walter and others, 2008; Dalban Canassy and others, 2013]. The short source duration of these sources implies small physical source dimensions — Helmstetter and others [2015] attributed the seismic signals to stick-slip motion on the order of 1 μm to 4mm of slip. We do not expect that our detector would identify such sources for several reasons, namely the lack of surface waves and the frequency characteristics and event duration outside our experimental design. If a similar mechanism at the bed (small-scale stick-slip motion) was responsible for perturbing the connection between the subglacial brine storage and potential englacial hydrologic pathways in such a way as to trigger Blood Falls brine release, we would not expect to detect such an initiation under our experimental conditions.
Deep seismic source: The source of brittle deformation associated with the brine release could be deep enough in the glacier that surface waves are not generated. Rayleigh wave 
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displacement decays with depth from the free surface. Therefore, the absence of observed elevated surface wave energy during Blood Falls brine release could indicate that any sources of seismic energy coinciding with brine release are located deeper in the glacier. To investigate this hypothesis, we estimate the source depths that would generate Rayleigh-wave energy at our detection threshold given our experimental design (Appendix A.3). We estimate that sources with depths around 3 km or deeper would evade detection because any Rayleigh displacement at the surface would be smaller than our detection limits. However, the glacier thickness near the terminus is much less than this estimated source depth; the glacier thickness near the terminus is tens of meters at the cliff edge, increasing to 125 m approximately 1 km up-glacier from the terminus [Pettit and others, 2014; Badgeley and others, 2017]. We therefore expect that if basal crevasses excited Rayleigh wave energy, particularly in the shallow (<50m) ice at the terminus, we would detect the events with our experimental design.
Aseismic opening: It is possible that there is no seismic signature of the release: either within or outside the frequency band we tested, and either at the surface or the base of the glacier. Aseismic creep has been proposed to explain deformation linked with hydraulic fracturing in association with hydrocarbon extraction and other industrial activities [Eyre and others, 2019; Wynants-Morel and others, 2020]. However, the relationships between elevated pore fluid pressure, seismic and aseismic slip on preexisting faults is not well known; and the hydraulic fracturing studies consider processes occurring at much greater depth scales (kilometers) than we presume to be the case at Blood Falls (tens of meters) and so may not apply directly.Another possibility is that seismicity associated with Blood Falls release is of such a small magnitude as to be effectively aseismic at our detection levels. The expected source scale for surface crack opening, based on field observations of the Blood Falls crack (e.g., Fig. 3B.1) is larger than our estimated detector thresholds for surface cracks that open and excite Rayleigh wave energy within our experiment's passband (Section 3.4.4). However, repeated 
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cracking with volumetric opening smaller than the detection threshold of our detector could generate the cracks we see following a brine release event while evading detection. We cannot exclude this possibility.
Masked by environmental microseismicity: Under this hypothesis, there is a seismic signature associated with Blood Falls brine release, but it is superimposed on background emissions such that it is not statistically significant compared to the background (non-brine release) seismicity. The relative inter-sensor incoherence in measured seismic emission rates (Fig. 3.4) suggests that each receiver measures emission rates from Rayleigh wave sources that are a sum of Blood Falls and other background sources.In the nearby environment, there are many potential cryogenic crack sources, including cracking in the lake ice, surface cracking associated with ice cliff collapse near the terminus, and cracking of ice within the ice-cored moraines at the terminus (Fig. 3B.2). Our threshold detection analysis indicated that, at least for the three winter days we tested, the minimum crack sizes detectable at the land-based stations under the 5x10-6 CFAR condition have equivalent volumetric opening to cracks that are in the range of 2 m deep by 2 m long and opening 10 cm. We know from our prior study [Carr and others, 2020] that environmental microseismicity influences STA/LTA-based event detection within this dataset, and consider it highly likely that it impacts Rayleigh-wave detection as well. Next, we consider possible environmental factors that we expect to contribute to Rayleigh-wave seismicity.

3.5.2 Wind, meltwater, and thermally-driven environmental microseismicity
Environmental factors may both contribute to Rayleigh wave activity and impact its detection. Further, we expect the relative importance of factors like wind and meltwater to vary on seasonal timescales. For instance, meltwater-driven fracture consistent with seismicity reported by Carmichael and others [2012] is likely responsible for some of the observed summertime Rayleigh-wave seismicity. Our record contains evidence of diurnal seismicity characteristics during the early summer months (November and December, Fig. 3.5), but as 
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the summer progresses, the diurnal signal disappears (January, Fig. 3.5). We also observed increased event rates in January that remain elevated for days (Fig. 3.4). We agree with Carmichael and others [2012] that the likely forcing factor is increased meltwater availability: the meltwater drives hydrofracture, dampening the thermally-driven diurnal seismic pattern of the early summer.The McMurdo Dry Valleys are characterized by different wind regimes in the summer than in the winter [Obryk and others, 2020]; in the winter, foehn and less frequent katabatic wind events can dramatically raise local air temperatures by up to 30°C [Nylen and others, 2004; Speirs and others, 2010]. Meteorological data from the Taylor Glacier station [Doran and Fountain, 2019] during the course of our experiment is consistent with the general climatology of the Dry Valleys. In the winter, wind speeds were higher (Fig. 3B.9), and the largest temperature changes occurred in association with strong wind events (Fig. 3B.5 shows temperature record). We assume that air-temperature changes associated with these wind events can cause fracture of various ice features as described below.Temperature changes are known to cause ice fracture through several mechanisms. Thermally-induced crack formation can be sourced by thermal bending moments [MacAyeal and others, 2018], brittle fracture induced by thermal shock-sourced diffusion of heat at depth, and volumetric expansion of refreezing water at depth [Kovacs, 1992]. Thermally- driven fracture also occurs in frozen sediment: Rayleigh waves have been observed in association with cracking of frozen sediment during rapid temperature drops [e.g., Okkonen and others, 2020].We suggest that year-round small seismic sources emanate from thermally-induced ice and frozen sediment fracture in the glacier terminus environment. Carmichael and others [2012] located small seismic events on the lake ice consistent with thermal cracking. Field observations include thermally-induced cracking of the ice on Lake Bonney (Fig. 3B.2), ice blisters, and written accounts dating back to the earliest observations of the area. Ice blisters presumably formed by thermally-induced pressure changes have been observed on 
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supraglacial ponds on Taylor Glacier (CGC personal observation, see Fig. 3B.3 for examples), brine icing deposits in the stream at the northern margin of Taylor Glacier [Plate 8.4, Keys, 1980] and in similar hydrologic settings in nearby Dry Valleys [Fig. 6, Chinn, 1993]. Griffith Taylor, one of the earliest observers in the area, noted while camping on Taylor Glacier in February 1911: ‘Our rest was disturbed at night by continuous volley firing. This was due to the cooling temperatures causing the glacier to contract and split' [Taylor and Hanley, 1979, p. 95]. Because of the strong connection between wind events and temperature, we expect a direct impact on thermally-driven seismicity in association with wind events.Wind may also indirectly impact measured seismicity. While we observe increased spectral power across all frequency bands with increasing wind speeds, certain frequency bands are particularly impacted (Figs. 3B.8-3B.9). At frequencies greater than 2 Hz, wind can excite the ground and human structures [Smith and Tape, 2019], including poles and other components typical of seismic stations in glacier installations [Carmichael, 2019; Marusiak and others, accepted]. Narrow-band noise sources such as these are known to impact seismic correlation detectors [Carmichael, 2019]. Our previous study covering the same seismic data acquisition indicated that STA/LTA event detection capability was temporally variable due to environmental microseismicity [Carr and others, 2020].In our Rayleigh wave event detection experiment, we did not find convincing evidence of a diagnostic seismic signature associated with the winter 2014 brine release at Blood Falls. As we review the hypotheses presented in Section 3.5.1 and in particular, the influence that environmental microseismicity plays both in generating seismic signals and masking detection of non-environmental seismic signals, we cannot exclude the case that surface/and or basal crevasses occur at sizes below our detection limits. We next consider implications from our study on the understanding of the Blood Falls system.
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3.5.3 Current understanding of the Blood Falls system
A complete conceptual model of the brine hydrological system at Taylor Glacier would include release at Blood Falls, the lateral site, and brine flow directly into Lake Bonney; the model would also explain the episodically active nature of the system. Subaerial releases can occur during any season (Chapter 2); likewise, subaqueous discharge into Lake Bonney has been documented in all seasons by monitoring for temperature anomalies [Lawrence and others, 2020].An extensive brine groundwater system exists beneath Taylor Glacier [Mikucki and others, 2015]; yet, geochemistry and microbiology indicate that the subsurface brine source has been isolated from the atmosphere for at least 50,000 years, and likely longer (see Section 3.2.1 and references therein). Thus while surface meltwater can drive crevassing [Carmichael and others, 2012], these crevasses must not reach deep enough to connect surface meltwater to the subglacial brine reservoir.Glacier surface topography routes subglacial brine flow into predicted pathways consistent with observed brine release zones [Badgeley and others, 2017]. An englacial zone connecting one such predicted subglacial flow pathway and the surface expression of Blood Falls was identified by Badgeley and others [2017] using ground-penetrating radar data collected prior to the winter 2014 brine release. Following the winter 2014 brine release, direct sampling of this englacial zone demonstrated that liquid brine can persist for at least months after the onset of surface brine release [Kowalski and others, 2016; Campen and others, 2019; Lyons and others, 2019]. As has been observed at other glaciers [e.g., Gulley and others, 2009], the ice-cored moraine at the terminus likely serves as a hydrologic barrier to prevent direct brine flow into Lake Bonney. In the central terminus, no such moraine exists and subglacial flow reaches the lake directly [Lawrence and others, 2020]; this discharge point corresponds to another predicted flow pathway mapped by Badgeley and others [2017].A complete conceptual model, including a triggering mechanism for brine release, is not yet apparent; however, we can consider what is known about the system to propose the 

187



following. When subglacial brine pressure reaches a critical threshold, basal crevasses form and propagate upward through the glacier, creating an englacial zone of injected brine. If the fracture system extends far enough upward to link with preexisting surface crevasses, brine exits the glacier to form Blood Falls (Fig. 3.8). A range of brine movement behavior is likely to exist — surficial release at Blood Falls represents one end-member case. If the subglacial pressure is sufficient to generate basal crevassing upward into the englacial zone, but if surface crevasses are not favorably located, the brine may not reach the surface. Indirect evidence for these ‘brine-injection' events includes observations of brine-filled crevasses that have been advected to the terminus (Fig. 3B.4) and the englacial zone created by saline ice located along the trend of the surface expression of Blood Falls [Badgeley and others, 2017].

Figure 3.8: Conceptual diagram of the Blood Falls hydrologic system. The red arrows represent general movement of the brine upward through the glacier (not specific flow paths). The terminal moraine serves as a hydrologic barrier to direct flow into Lake Bonney. Instead, brine moves from the saturated subglacial sediment up through the glacier. Sometimes, the brine may only reach the englacial zone, but if surface crevasses are favorably oriented and deep enough, once brine reaches the englacial zone it flows through the surface crevasses to emerge at the surface. The side wall of the glacier exposed beside Blood Falls contains brine-filled cracks; we interpret these as evidence of brine-injection events in the englacial zone that have since advected to the terminus and been exposed by differential ablation due to surface Blood Falls brine release (compare with field photos in Fig. 3B.4).
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3.6 Conclusions
We document a wintertime brine release at Blood Falls that began in mid-May 2014 when air temperatures were well below freezing. We do not observe an increase in Rayleigh-wave activity prior to or during onset of the 2014 winter brine release, and therefore do not find evidence for surface meltwater-driven fracture as a mechanism for brine release. The lack of evidence for meltwater-driven fracture connecting the surface to the subglacial system is consistent with brine geochemistry that indicates the brine is isolated from the supraglacial meltwater system.We consider four hypotheses for the apparent lack of elevated Rayleigh-wave activity during brine release: 1) the seismic activity is outside our experimental frequency band; 2) the seismic activity is deep enough that surface waves are not recorded; 3) the crack opening is aseismic; and 4) environmental seismicity not related to brine release is sufficient to mask any seismicity associated with brine release. We conclude that, given our experimental parameters and the shallow ice at the terminus, we would expect to detect Rayleigh-waves for crack opening volumes larger than approximately 0.4m3 (for instance, equivalent to a 2 m long by 2 m deep crack opening 10 cm). We therefore find that the latter two hypotheses are more likely. Namely, crack opening is either aseismic or effectively so (a series of very small opening events below our detection threshold), and the noisy seismic environment of the terminus contains sufficient Rayleigh wave activity at or above our threshold event detection size that any activity related to brine release does not stand out.Despite the lack of conclusive seismic signature associated with brine release events, we can infer how brine release at Blood Falls may occur. Elevated brine pressure at the bed causes basal crevassing upwards into an englacial zone. If favorably oriented surface crevasses are present, brine flow can then reach the surface. We propose that the crack opening, both of basal crevasses and expansion of pre-existing surface crevasses, consists of a series of volumetrically small opening events that do not create a seismic signature sufficient to rise above the background microseismicity. The mechanism for the triggering pressure increase 
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is yet unknown, and a definitive seismic signature of brine release at Blood Falls remains elusive.
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Chapter 3 Appendix A — Supplemental methods descriptions
A.1 Time zone correction for time-lapse camera data

Field photos taken on personal cameras during the time-lapse camera installation as well as metadata from a co-located seismometer guided our time zone correction of the time-lapse images from the side-view camera. The camera date appears to be 24 hours behind UTC and we apply that correction to the timestamps recorded by the camera. We estimate that our corrected times of day are within about 1-2 hours of the true time of day based on sunlight patterns. Despite the lack of temporal accuracy, we can still make observations about the relative timing of brine release pulses as well as erosional and depositional characteristics; however, we cannot tie any specific photo to discrete seismic events. We note that even with accurate timestamps, the relatively coarse time resolution of the photos (1 sample every 2 hours) would hinder direct correlation with specific events in the seismic record (200 samples per second). We were unable to confirm the accuracy of the timestamps on the direct-view camera; dates reported in Fig. 3.1 are not modified from the date recorded by the camera. We estimate that these dates are correct within + 24 hours.
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A.2 Rayleigh wave detection method
Rayleigh waves are seismic waves characterized by out-of-phase displacement in the vertical and radial plane that connects the seismic source to the sensor; displacement decays with depth from the surface. At the surface, particle motion plots of the vertical component against the horizontal component in the direction of wave propagation show retrograde (counterclockwise) elliptical particle motion as a function of time [Stein and Wysession, 2003, p. 87-89]. These characteristics can be used to construct a correlation detector to identify Rayleigh waves in a seismic data stream.We follow similar starting principles as Chael [1997] to construct our Rayleigh wave detector. Namely, we phase-advance the vertical channel by π/2 and correlate the result with a horizontal channel to look for high correlation values. In contrast to Chael [1997], we do not rotate the horizontal channel through a range of potential back azimuths - instead we assume a back azimuth consistent with a Blood Falls source and monitor for activity.We exploit both tails of the correlation density function to monitor for Rayleigh waves traveling in opposite directions. A high absolute value of correlation between a horizontal channel and a Hilbert-transformed vertical channel indicates elliptically polarized particle motion in the plane defined by the horizontal and vertical channels. The sign of the correlation indicates the direction of wave travel. In a Blood Falls-centric reference frame: large positive values indicate waves traveling towards the seismometer from the Blood Falls direction, and large negative values indicate waves traveling away from the seismometer towards Blood Falls.In order to detect statistically significant, retrograde elliptical particle motion indicative of Rayleigh waves, and save out the relevant data and event detection statistics, we performed the following operations.

1. We pre-processed the three-channel data for each station; we
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• Detrended the data by implementing MATLAB detrend.m to remove the best straight-line fit from the data,
• Filtered 2.5-35 Hz with a bandpass, 4th order minimum phase Butterworth filter, and
• Removed any samples for which data was not recorded on all three channels to ensure all data vectors were identical in length (required for subsequent matrix operations).

2. We rotated the seismogram data into a Blood Falls centric horizontal reference system. Because we are interested in seismic sources near Blood Falls, we prescribed back azimuths to rotate the North (N) and East (E) channels into a radial (R) and transverse (T) orientation relative to Blood Falls using the equation: 

where θ is the heading pointing from the seismometer towards Blood Falls, measured clockwise from the north [Incorporated Research Institutions for Seismology (IRIS), 2020]. Rotation angle values used for θ are CECE: 330°, KRIS: 140°, and JESS: 70°. We performed a 2D rotation, since the seismometers are close together and we are interested in shallow, local sources.
3. We Hilbert transformed the vertical channel by performing a frequency independent phase advance of π{2.
4. We calculated cross-correlation between two aligned channel pairs: 1) the Hilbert- transformed vertical and radial pair ZR and 2) the Hilbert-transformed vertical and transverse pair ZT. The correlation process implemented a 0.75 second, tapered, sliding mid-point centered window.
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5. We ran the correlation detector on both of the resulting correlograms (ZR and ZT).
• Correlograms were subset into 30-minute windows. For each 30-minute window, we: calculated the normalized data histogram based on the correlogram (e.g., the histograms in Fig. 3A.1 a, c are calculated from the correlograms in Fig. 3A.1 b, d), implemented MATLAB normfit.m to estimate the normal distribution parameters μ (sample mean) and σ (square root of unbiased variance estimator) of the normalized data histogram, and calculated the fit error between the normalized data histogram and theoretical PDF.
• Using the mean and standard deviation parameters from the previous step, we calculated the probability density function (PDF) of the standard normal distribution evaluated at the same bin locations as the data histogram.
• We inverted the PDF to find the threshold corresponding to the desired CFAR and identified portions of the correlogram with correlation values beyond that threshold. In detail, we ran the detector with one-sided CFAR thresholds of: 5x10 -5, 1x10-5, 5x10 -6, 1x10-6, 1x10-7, 1x10-8, 1x10-9, and 1x10-10".
• We calculated the threshold for both tails of the distribution separately for a given one-sided CFAR. For instance, the distributions in Fig. 3A.I a, c both show thresholds corresponding to a one-sided CFAR of IxIO-6; however, the absolute value of the thresholds differ.
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Figure 3A.1: Correlogram density distributions (a, c) and correlograms (b, d) for the ZR correlation over a 30-minute window on 20 March 2014. One-sided CFAR = 1x10-6. The normalized data histogram, best-fit normal distribution (including the mean of —0.0086 and standard deviation of 0.1579), and the fit error (0.0846) between the two are the same by definition, but the thresholds differ between the left and right tail. In (b), ZR- or left-hand tail, 1 event was beyond the threshold of —0.7593; in (d), ZR+ or right-hand tail 3 events were detected above the threshold 0.7421. Some correlation values exceeded the threshold (indicated by blue x's) around minute 31 just under the ‘d' label; however, the duration was not long enough to be considered an event. See Fig. 3A.2 for detail of first event, indicated by grey box (box not to scale). Normalized occurrence means the occurrence values are scaled such that the total area of the histogram bars equals one.
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6. From the subset of high correlation values identified in the previous step, we defined events. An event declaration required a minimum temporal separation from preceding or succeeding events (3.29 seconds). High correlation values with less temporal separation were grouped together. An event declaration also required at least 0.31 seconds duration between the first and final threshold exceedance (“trigger on” and “triggeroff” times described in Fig. 3A.2 caption).

Figure 3A.2: Detail view of the first event from Fig. 3A.1d. Blue ‘x': time indices with correlation above the threshold (red dashed line). This is considered one event - the gap between the two blocks of threshold exceedances is too short. The trigger on time is 00:38:12.47 (first blue x), trigger off time is 00:38:13.13 (last blue x), the red circle indicates the event time (00:38:12.48) and detection statistic (0.8209). The event duration is 0.66 seconds.
7. The highest correlation value and associated timestamp within the resulting block were saved as the event detection and event time. We also calculated the statistical p-value of the event detection statistic.
8. We ran the detector for each station for both tails in the ZR and ZT correlation distributions (corresponding to 4 source back azimuths per station) and for each of the 8 one-sided CFAR thresholds.
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A.3 Source depth analysis
We perform the following analysis to estimate the maximum depth a Rayleigh-wave generating source could be located and still be detectable given our experimental design (including factors like receiver locations and frequencies used in our seismic experiment). In other words, sources deeper than this estimate could evade detection.In doing so, we estimate the source size required to produce a waveform of a given amplitude at a receiver location. Our solution is approximate, and uses results from Chapter 7, Aki and Richards [2002]. In particular, the script we generated uses half-space eigenfunctions but the dispersive relationships present in a layer-over-half-space.In our layer-over-half-space configuration, the top 50 m thick layer represents the cold ice of Taylor Glacier and the half-space represents the subglacial basement. Widespread, saline-saturated sediments are known to exist beneath Taylor Glacier; the thickness of this layer under the terminal kilometer of the glacier is on the order of at least tens of meters [Fig. 3, Mikucki and others, 2015]. We do not include this layer in our model. We further make the simplifying assumption that the glacier ice is homogeneous, in contrast to the more complicated reality of a stiff, relatively clean ice layer overlying a much more deformable, debris-rich basal ice layer [Pettit and others, 2014].We use the same model input values as a prior seismic study at Taylor Glacier reported by Carmichael and others [2012], who chose values informed by an active seismic survey conducted in nearby Beacon Valley [Shean and others, 2007]. Specifically, we use p-wave and s-wave speeds of 3850 m/s and 1950 m/s for the ice layer and 4800 m/s and 2900 m/s for the substrate half-space. We use a standard ice density of 917 kg/m3 and a substrate density of 2700 kg/m3 consistent with basement velocities in Taylor Valley [Table 1, Barrett and Froggatt, 1978, and references therein].Following Aki and Richards [2002, p. 328], we solve for Rayleigh wave displacement using
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where uRAYLEIGH is the displacement, dependent on the source-receiver distance (x) and angular frequency (ω ). GR is the azimuthally-independent displacement vector described below. U1 , U2 , and U3 describe the radiation pattern, with azimuthal angle ϕ between the source and receiver. We use the radiation pattern for a crack opening in the direction of the receiver to maximize the total displacement. We refer the reader to Carr and others [2020, Appendix C] and Carmichael [2021, equation 39] for further documentation of the radiation pattern specific to the crack opening.We solve for the eigenfunction r1 phq in the displacement vector [Aki and Richards, 2002, p. 328]:

Table 3A.1: Terms in equation A3
Term Description Notes

GR(x;h, ω) azimuthally-independent displacement vector 
at travel distance x, as a 

function of source depth h and angular frequency ω
kn wave number from dispersion relationship*

r1phq horizontal displacement at depth h
c phase velocity for ω from dispersion relationship*
U group velocity for kn from dispersion relationship*
I1 energy integral Carr and others [2020]**
r [r1, r2]

r1pzq depth-dependent (z) horizontal displacement
r2pzq depth-dependent (z) vertical displacementȓ, ż unit vectors in horizontal, vertical directions

* see Section 3.3.4 for an overview of this analysis
** Appendix C [Carr and others, 2020], see also Carmichael [2021]
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where r1 phq is horizontal displacement at the unknown source depth h. We use eigenfunctions r1pzq and r2 pzq for the half-space below the surface layer for each term in the sum, and populate their exponential arguments with the wave number kn from the dispersion relationship (previously calculated for the minimum detectable event size analysis, see Section 3.3.4). Table 3A.1 lists the terms in equation A3, and Fig. 3A.3 shows the displacement for the r1 and r2 eigenvectors for frequencies of 2.5 and 35 Hz.



Figure 3A.3: Frequency-dependent, normalized vertical and horizontal displacement as a function of depth, calculated for the eigenfunctions described in the text. The light blue layer represents the 50 m-thick glacier in our model.
To relate the correlation coefficient output by the Rayleigh wave detector to the threshold source size, we use the relationships between signal-to-noise ratio (SNR), the sample correlation, and the target waveform amplitude. We first note that the correlation coefficient ρ is a function of SNR: 

where ρ, in this case, is the value of the correlation threshold required for a meaningful detection (defined by a specific CFAR condition). We rearrange equation A4 to solve for SNR:
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SNR is the square of the Rayleigh waveform amplitude, divided by the noise energy.The noise energy is the estimated sample variance σ2 multiplied by one less the number of samples (N-1) in the Rayleigh wave detector window:

* mm Σ™ Pm; where m indicates number of 30-minute windows 
** mm ∑∏medianps2qsm; m as above

Station Min ρ Mean* ρ Max ρ Min σ2 Mean** σ2 Max σ2CECE 0.6819 0.7657 0.9559 8.210 12.80 29.61JESS 0.5774 0.8812 0.9961 10.98 163.4 1863KRIS 0.7124 0.7868 0.9693 6.857 10.31 36.35
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We substitute equation A6 into equation A5 to relate threshold Rayleigh wave size (numerator of equation A6) to the estimated noise variance and correlation threshold. We approximate uRAYLEIGH using the content on page 328 of Aki and Richards [2002] described above (equation A2), which then provides a relationship between r1 phq (a function of source depth) and the estimates from the data. The equality that outputs source depth therefore includes analytical formulation; numerical calculation of the dispersion relationships to compute phase velocity c, group velocity U , and the wavenumber versus frequency relationship (kn); and both noise and deterministic parameter estimates from the data (σ2, ρ and N).We selected the same three days (20-22 May 2014) used in prior detector threshold analyses (Rayleigh detector: this paper, and two STA/LTA detectors: Carr and others [2020]), calculated sample variance from the pre-processed (detrended, filtered, rotated) data and extracted detector thresholds from the Rayleigh detector results under the 5x10-6 CFAR condition (Table 3A.2).Table 3A.2: Rayleigh detector threshold values and sample variance for 20-22 May 2014 under the 5x10-6 CFAR condition, Blood Falls back azimuth. Threshold and sample variance were calculated for 30-minute windows. By definition, each 30-minute window has a single threshold value. We estimate the 30-minute window sample variance as the median of the individual sample variances for all samples within a 30-minute window, see table footnotes.



We chose the values from Table 3A.2 for each station that would provide the shallowest source for the detection limit, namely: the largest threshold and highest sample variance. For all stations, we find that sources depths shallower than about 3 km produce displacement above the detection limit (Table 3A.3).Table 3A.3: Threshold detection depthStation Threshold detection depth (km)CECEJESSKRIS 3.183.163.18
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Appendix B — Additional figures, results, and discussion
B.1 Field photos

A large crack in the glacier surface was visible following the winter 2014 brine release (Fig. 3B.1). Various cracks in ice are present in the environment near the glacier terminus (Fig. 3B.2), including ice blisters (Fig. 3B.3). Brine-filled cracks are observed in the ice near Blood Falls, these are interpreted as the englacial zone that has advected forward to be exposed near the terminus (Fig. 3B.4).

Figure 3B.1: Taylor Glacier terminus following the winter 2014 brine release event. Two sets of purple arrows mark the Blood Falls crevasse; for scale, two people are circled in purple standing next to tents on the glacier surface. Photo: Peter Rejcek, photo date: 21 November 2014. Photo source: US Antarctic Program Photo Library (https://photolibrary.usap.gov).
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Figure 3B.2: Various cracks in ice near the glacier terminus. Cracks include crevasses on the glacier near the cliff face, cracks in the ice-cored terminal moraine (sediment at left of photo), and in the lake ice where the person is standing. Photo: Chris Carr, photo date: November 2O13.
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Figure 3B.3: Ice blisters near Blood Falls. Two purple arrows mark ice blisters. The red dashed arrow points to the Blood Falls area of the terminus (out of view). For scale, a tent is circled in purple, this tent is in approximately the same location as the circled people in Fig. 3B.1. Photo: Chris Carr, photo date: 11 Dec 2013.

Figure 3B.4: Blood Falls with brine infill in cracks. For scale in (a), three people stand on the ice to the left of Blood Falls; the detailed view in (b) is the vertical wall in the shadow to the right of Blood Falls in (a). In (b), older brine-filled cracks are exposed as the previously englacial zone is advected forward. The brine-filled cracks are cross-cut by younger surface crevasses. Photo: Chris Carr, photo date: November 2013.
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B.2 Meteorological station records
A previous study at Taylor Glacier modeled melt occurring at temperatures as low as 

—2.7°C during the summer season due to solar radiation [Hoffman and others, 2008]. However, the brine release events in documented in our study occurred when air temperatures were well below this threshold; therefore, we assume negligible surface melt. Air temperatures at the Lake Bonney meteorological station (located on dark rocks and sediment on the south shore of Lake Bonney) follow a similar pattern, slightly warmer yet still subfreezing. Warm air temperature spikes during winter months correspond with increases in wind speed, likely strong wind events [Nylen and others, 2004; Speirs and others, 2010].

Figure 3B.5: Daily minimum, maximum, and mean air temperatures from November 2013 - November 2014 recorded at the McMurdo Dry Valleys Long Term Ecological Research meteorological station on Taylor Glacier [Doran and Fountain, 2019]. Vertical dashed grey lines indicate the onset of observed brine-release (12 May - 7 June). Maximum temperature during the highlighted window is —4.1°C (14 May), otherwise temperatures remain below 
—5.5°C, and average —20.7°C. Horizontal axis labels are day/month.
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B.3 Spectrograms
We generated spectrograms from the seismic data in order to perform a visual data quality check and to qualitatively investigate potential relationships between meteorological variables and spectral features. Spectrograms were generated from the detrended, bandpass- filtered ([2.5, 35] Hz) data using 8 second windows with 5 second overlap. For this initial analysis, we did not remove the instrument response; therefore, the units are related to amplitude in counts rather than ground displacement or velocity.In each of the following plots, temperature (left y axis) and wind speed (right y axis) are plotted on the upper panel of each subplot; scales vary from month to month to accommodate seasonality. Meteorological data are from the Taylor Glacier station [Doran and Fountain, 2019]. The three channels (EHZ: vertical, EHE: east, and EHN: horizontal) are plotted in the lower three panels of each subplot.We visually inspected spectrograms to identify time periods when data quality was poor, and excluded these days from the Rayleigh wave detection analysis. Examples include data from station CECE prior to servicing in January 2014 (Fig. 3B.6a) and station JESS after 9 December 2014 (Fig. 3B.7b). During the onset of brine release in May 2014 (Fig. 3B.8), we deemed data quality on all channels at all stations to be sufficient for the Rayleigh wave analysis.
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Figure 3B.6: Spectrograms for station CECE for (a) January 2014 and (b) February 2014. Prior to instrument servicing 29 Jan 2014, the north channel (EHN) was not operating properly; the issue was corrected during servicing.
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Figure 3B.7: Spectrograms for station JESS for (a) December 2013 and (b) December 2014. During the second week of December 2014, data quality rapidly declines and never improves. Note different scales for temperature and wind speed for the two subplots.
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Figure 3B.8: Spectrograms for all stations for May 2014.
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We observed horizontal banding in the spectrograms that appeared to be coincident with elevated wind speed. The horizontal bands are most prominent for on-ice station JESS (see 4-13 May and 30-31 May in Fig. 3B.8a). To further investigate the relationship between wind and spectral power in different frequencies bands, we binned the data by wind speed, and calculated the mean spectral power for each wind bin (Fig. 3B.9: darker colors represent higher wind speeds). With few exceptions, as wind speed increases, power increases across all frequencies. Certain frequencies are more impacted that others; these are the horizontal bands observed in the spectrograms.

Figure 3B.9: Mean spectral power against frequency, binned by wind speed for the EHN channel at station JESS. Note log scale on the x-axis for frequencies.
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B.4 Additional figures and discussion
Our Rayleigh detector exploited both tails of the statistical distribution as well as correlation between the vertical and transverse channels (with respect to a Blood Falls back azimuth) to detect Rayleigh events arriving from other directions. We plot results from two back azimuths: results from the Blood Falls back azimuth (ZR) are plotted in Fig. 3B.10 and results from one non-Blood Falls back azimuth (ZT) are plotted in Fig. 3B.11, where ZT is the back azimuth 90°clockwise from the Blood Falls back azimuth for each station (see Fig. 3.2 for back azimuth directions). In other words, these events are arriving from different source directions than Blood Falls. The lighter colors on each time series are the event detection rates for all prescribed CFAR values; the bold lines are the detection rates with a prescribed CFAR of 5x10-6. The initial Blood Falls brine release is highlighted in red for the CFAR = 5x10-6 results on all plots.One limitation of our approach is that we used a restricted set of 4 back azimuth directions for each seismometer rather than scanning through all possible back azimuths. Effectively, we monitor Blood Falls as if it were a point source using the positive tail of the ZR correlogram distribution. However, given the seismometer proximity to Blood Falls, especially in the case of JESS, we would expect that events from the Blood Falls area would arrive from a range of back azimuths. Further, for two otherwise identical Rayleigh events, one located directly along the back azimuth would have higher correlation values than one located at a slightly different back azimuth. Smaller events directly along the back azimuth should thus be more detectable than they otherwise would be if slightly offset from the direct back azimuth. Nonetheless, we can use the event rate time series from a strongly contrasting back azimuth (ZT correlogram) to visualize patterns of non-Blood Falls area Rayleigh-wave seismicity.In Section 3.4.3 we plot dominant frequency for Rayleigh-wave events against event duration, split into monthly bins (Fig. 3.6). In, Fig. 3B.12 we plot the same dominant frequency and event duration results but combine the entire data record for each station. Plotting to 
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include the entire data record highlights that the dominant event duration at JESS is much more tightly clustered than at the land-based stations. In the lower frequency bands, several sub-clusters of event duration are apparent, particularly at KRIS (Fig. 3B.12c).

Figure 3B.10: Events per 30 minutes detected by the Rayleigh-wave detector, with the CFAR = 5x10-6 condition highlighted. (a,b) land-based station CECE, (c,d) land-based station KRIS, and (e,f) on-ice station JESS (some rates above 10 events/30 minutes are cut off by the vertical scale). The left column is the entire data record from 20 November 2013 - 20 January 2015; the right column is from 1 April - 1 July 2014. On all panels, the red time series is the 5x10-6 event detections during initial brine release period 13 May - 8 June 2014 (note different vertical scale). Light blue lines: events detected under all prescribed CFAR conditions, dark blue: events detected at the CFAR = 5x10-6 level. All time series are smoothed with a 5-point (2-hour duration) moving window.
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Figure 3B.11: Events per 30 minutes detected by the Rayleigh-wave detector with the CFAR = 5x10-6 condition highlighted, for events from non-Blood Falls back azimuths. See Fig. 3.2 for the ZT back azimuth directions for each station. (a,b) land-based station CECE, (c,d) land-based station KRIS, and (e,f) on-ice station JESS (some rates above 10 events/30 minutes are cut off by the vertical scale). The left column is the entire data record from 20 November 2013 - 20 January 2015; the right column is from 1 April - 1 July 2014. On all panels, the red vertical lines delineate the initial brine release period 13 May - 8 June 2014. Light blue lines: events detected under all prescribed CFAR conditions, dark blue: events detected at the CFAR = 5x10-6 level. All time series are smoothed with a 5-point (2-hour duration) moving window.
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Figure 3B.12: Dominant frequency on the vertical channel and event duration for Rayleigh events identified with a Blood Falls back azimuth from each station. Darker colors indicate smaller CFAR values (higher threshold values). The legend for each plot lists the number of events identified under each CFAR condition, summed over the entire data period for which data was available. Note log-scale horizontal axis.
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Chapter 4: The influence of environmental microseismicity on detection and interpretation of small-magnitude events in a polar glacier setting 1

1 Published as Carr, C.G., J.D. Carmichael, E.C. Pettit, M. Truffer (2020), The influence of environmental 
microseismicity on detection and interpretation of small-magnitude events in a polar glacier setting, Journal 
of Glaciology 66(259), p. 790-806, https://doi.org/10.1017/jog.2020.48

4.1 Abstract
Glacial environments exhibit temporally variable microseismicity. To investigate how microseismicity influences event detection, we implement two noise-adaptive digital power detectors to process seismic data from Taylor Glacier, Antarctica. We add scaled icequake waveforms to the original data stream, run detectors on the hybrid data stream to estimate reliable detection magnitudes, and compare analytical magnitudes predicted from an ice crack source model. We find that detection capability is influenced by environmental microseismicity for seismic events with source size comparable to thermal penetration depths. When event counts and minimum detectable event sizes change in the same direction (i.e., increase in event counts and minimum detectable event size), we interpret measured seismicity changes as ‘true' seismicity changes rather than as changes in detection. Generally, one detector (2dof ) outperforms the other: it identifies more events, a more prominent summertime diurnal signal, and maintains a higher detection capability. We conclude that real physical processes are responsible for the summertime diurnal inter-detector difference. One detector (3dof ) identifies this process as environmental microseismicity; the other detector (2dof ) identifies it as elevated waveform activity. Our analysis provides an example for minimizing detection biases and estimating source sizes when interpreting temporal seismicity patterns to better infer glacial seismogenic processes.

4.2 Introduction
The release of elastic (seismic) energy within a glacier or ice sheet indicates a response to dynamic forcing or transient change in motion [see reviews by Podolskiy and Walter, 
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2016; Aster and Winberry, 2017]. Glaciological processes like brittle fracture [e.g., Neave and Savage, 1970; Mikesell and others, 2012], hydraulic resonance in moulins [e.g., Roeoesli and others, 2016], and changes in the basal hydraulic system [e.g., Walter and others, 2013; Vore and others, 2019] produce signals that can be detected in seismic records. Further, changes in seismic characteristics over time can indicate temporally gradual changes in a glacial system that are not as readily apparent through other observations.Seismic sources located on and near glaciers and ice sheets often show diurnal or seasonal patterns in activity [e.g., MacAyeal and others, 2018; Podolskiy and others, 2018; Zhang and others, 2019]. This activity, referred to as seismicity, comprises a superposition of discrete, transient seismic events over a background of persistent, low-amplitude microseismic energy that evolves with time. The variability of such seismicity tends to match the variability of environmental processes that include summertime melting and runoff at the glacier surface [Hart and others, 2019]; englacial and subglacial water flow [Roosli and others, 2014]; snow redistribution [Allstadt and Malone, 2014; Chaput and others, 2018]; fluctuations in air temperature [Podolskiy and others, 2018]; and thermal bending and fracture of ice during melt/freeze cycles on supraglacial ponds [MacAyeal and others, 2018], sea ice [Bazant, 1992], and lake ice [Ghofrani and Atkinson, 2018; Kavanaugh and others, 2019]. In this paper we use the term ‘environmental microseismicity' to refer to the background component of periglacial and glacial seismicity (i.e., low-amplitude, temporally variable microseismicity described above), distinct from the discrete, transient seismic events.Many passive glacial seismology experiments focus on transient seismic waveforms generated by discrete, glaciogenic events. We emphasize herein that the geophysical ‘interest' of a seismic signal (transient or environmental) depends on the particular problem under study. This reflects the philosophy that ‘one person's signal is another's noise' [e.g., Stein and Wysession, 2003, p. 141]. Cryoseismology analogously requires analysis methods that identify signals both in pursuit of, or in spite of, temporally variable environmental microseismicity. Researchers therefore remain challenged to understand how environmental 
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microseismicity (including glaciogenic microseismicity) interacts with other glaciogenic signals.Environmental microseismicity presents a particular challenge to seismic waveform detection: patterns in both environmental microseismicity and discrete icequakes can vary over matching time scales (e.g., diurnal or seasonal). The signal-to-noise ratio (SNR) for a seismic waveform (‘signal') with a given amplitude will change depending on temporally variable background levels of microseismic energy (‘noise'). A digital signal detection algorithm may or may not identify a waveform of a given amplitude depending on the noise conditions [as described in glacial environments by Walter and others, 2008; Dalban Canassy and others, 2012]. This implies that choosing one detection method over another during a seismic experiment can influence an observer's interpretation of temporal patterns of seismic activity.Locally-deployed passive seismic networks provide a monitoring technology that can capture small-magnitude seismic sources. For example, MacAyeal and others [2018] used local records to show that event frequency of diurnally variable and thermally activated fracture sources on an ice-shelf are well described by a Gutenberg-Richter type law. This law predicts that the number of small-magnitude icequakes is orders of magnitude greater than the number of large-magnitude icequakes. However, sensors can only record these small sources above noise at local distances. To better interpret such geophysically interesting, smallmagnitude seismic sources, researchers should first assess how their observation is biased by temporally variable environmental microseismicity and detector design choices.In this paper, we compare the detection capability of two automatic seismic event detectors (named the ‘2dof' and ‘3dof') under varying environmental microseismicity conditions. The 2dof detector implements the same algorithm as the noise-adaptive detector of Carmichael and others [2015]. The 3dof is another noise-adaptive detector; it implements different parameter estimators and includes a third degree of freedom to account for correlation in the environmental microseismicity. This modification is inspired by an infrasound 
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event detector developed by Arrowsmith and others [2015]; their detector included a third degree of freedom so as to ‘reduce false detections associated with coherent continuous-wave sources such as microbaroms or wind farms' (p. 1412).We observe temporally variable inter-detector differences in event counts and ability to detect small events. We attribute these detection differences to differences in how the detectors interpret environmental microseismicity. To directly test the ability of both detectors to identify waveforms over a range of magnitudes, we perform a waveform infusion experiment and describe how these results can inform our interpretations of measured seismicity. We further relate our detector's capabilities to physical dimensions of glaciogenic seismic sources (i.e., surface crack dimensions).Our study uses data from Taylor Glacier, Antarctica; however, the detection methods we discuss are applicable to all glacier settings. Geophysical interpretation of Taylor Glacier's seismic response to forcings (including brine release, meltwater generation, katabatic winds) are beyond the scope of this paper. Therefore, we do not locate sources of discrete icequakes or compare our measurements of seismicity against energy balance or thermal bending models as done elsewhere [e.g., Carmichael and others, 2012; MacAyeal and others, 2018]. Throughout the paper, we use the term ‘icequake' if the likely source is on the glacier or the more general terms ‘events' and ‘waveforms' if no specific glacial source is implied.
4.2.1 Analyzing seismic data collected from glaciers

Waveform detection operations that process large sets of seismic data (e.g., this study, 14 months of data from three stations with sample rates of 200s-1) require automated processing techniques. The most general digital waveform detection method (requiring the least prior knowledge of waveform shape) is the short-term average to long-term average (STA/LTA) detector [Earle and Shearer, 1994; Withers and others, 1998; Song and others, 2014]. Algorithms implementing these detectors operate from a binary hypotheses test onthe recorded data: either a seismogram contains just noise or it contains a signal contaminated 
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with noise. To evaluate which hypothesis is true, the STA/LTA algorithm compares a short-term average (STA) estimate of data energy (variance) to a long-term average (LTA) estimate of data energy. When this ratio exceeds a prescribed threshold value, the STA/LTA algorithm triggers, or declares a waveform detection.For any detector, the false alarm rate quantitatively estimates how often the detector triggers on background noise when no waveform is present. Likewise, the detection capability qualitatively describes how well the detector successfully identifies events. For two detectors with the same false alarm rate, the detector that identifies waveforms with smaller SNR more often has a higher detection capability. Furthermore, the same waveform detector can have variable detection capability under variable noise conditions.Most STA/LTA detectors used to process seismic data collected from glacial environments compare the STA/LTA statistic against a constant threshold value that thus defines the lowest energy signal the detector can register [e.g., Walter and others, 2008; Carmichael and others, 2012; Dalban Canassy and others, 2012; Roooosli and others, 2014]. The STA/LTA statistic is a proxy for a waveform's SNR. Thus a constant threshold value precludes detection of small amplitude waveforms during high noise conditions that would otherwise be detected in low noise conditions, resulting in a temporal variability in detector capability. For instance, Walter and others [2008] attribute variability in their STA/LTA detector capability to a diurnal surface melt cycle. Dalban Canassy and others [2012] similarly describe a correlation between STA/LTA detection capability and modelled glacier runoff over day- to week-periods. Therefore, temporal variability in waveform detection capability has the potential to bias an observer's interpretation of the temporal variability in icequake activity [Roooosli and others, 2014; Carmichael, 2019].One particular strategy developed to account for temporally variable detection capability implements a two-stage process. First, a constant threshold value determines a set of events. Second, a time series of these identified events is analyzed with respect to event size. If the time series reveals a temporally variable absence of small events, a secondary threshold 
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is established above these smallest event sizes. A second pass retains only events that are sufficiently energetic to exceed the secondary detection floor [Walter and others, 2008, Fig. 5]. Above this detection floor, detector capability is considered to be temporally constant [Walter and others, 2008; Dalban Canassy and others, 2012; Roosli and others, 2014]. That is, researchers assume that events above the secondary threshold are correctly identified regardless of variable background noise. The drawback to this approach is that the small events detected during low noise conditions are discarded during the secondary thresholding step, thereby complicating the study of processes that generate these low-energy signals.Another version of the STA/LTA event detector is the noise-adaptive STA/LTA detector. Using this event detection strategy, the detector sets a temporally variable threshold that adapts to the current noise conditions [Carmichael and others, 2015]. This method effectively adjusts the threshold value by monitoring changes in the statistical distribution of the STA/LTA time series. These detectors maintain a constant (estimated) false alarm rate by setting variable thresholds; in contrast, constant threshold STA/LTA detectors have a variable false alarm rate.In this paper, we evaluate two distinct, noise-adaptive STA/LTA seismic event detectors using data collected from Taylor Glacier. Both detectors impose a constant false-alarm rate and calculate noise-adaptive thresholds over 15-minute time windows.
4.2.2 Study site and observation network

Taylor Glacier flows from Taylor Dome on the East Antarctic Ice Sheet and terminates in Taylor Valley 100 km downstream. Near the terminus, deformation is characterized by plug-like flow of clean cold ice over a layer of more rapidly deforming debris-rich basal ice [Pettit and others, 2014]. Ice cliffs (20-30m high) form the margin of the glacier in the terminus region. The central portion of the glacier terminates into the ice-covered west lobe of Lake Bonney, while the remainder of the glacier terminates onto land. Near the terminus, deep seasonally-occupied supraglacial meltwater channels [Johnston and others, 
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2005] generate substantial across-flow changes in ice thickness [Badgeley and others, 2017]. Subglacially-sourced, iron-rich, hypersaline brine flows episodically via a surface crevasse near the terminus; the resulting feature is called Blood Falls [Mikucki and others, 2004].In a prior seismic experiment implementing a constant-threshold STA/LTA detector for Taylor Glacier data, Carmichael and others [2012] observe diurnal patterns in seismicity during periods when there is no surface melt predicted by a calibrated surface energy balance model [model described in Hoffman and others, 2008]. By locating these microseismic events, Carmichael and others [2012] find sources in both the lake ice and glacier ice. In contrast, during periods of surface melt, the diurnal seismicity signal is suppressed. Instead, larger repeating icequakes consistent with volumetric source mechanisms (crack opening) dominate the seismic record.The glacial and periglacial environments of and around Taylor Glacier host many processes that we expect to generate larger seismic events as well as variable levels of environmental microseismicity. These include: ice-cliff calving and collapse, seasonal melt and associated runoff in supraglacial channels, episodic release of subglacial brine through a crevasse (Blood Falls release), thermally-driven fracture of lake or glacier ice, meltwater- driven fracture, avalanching at nearby glaciers, and crevassing within the glacier ice.To monitor such sources of seismicity at Taylor Glacier, we deployed a sub-network of three seismometers (Sercel L-22 geophones) that operated from December 2013 through January 2015. We installed one geophone (JESS) on the glacier near an ice cliff and two into the frozen sediment to the north (KRIS) and south (CECE) of the terminus (Fig. 4.1). Quanterra Q330 digitizers sampled our geophone data at 200s-1. The seismic data described in this study are available for public access through the IRIS Data Management Center [Pettit, 2013].Despite the high latitude of the field area, which is typically associated with 24-hour daylight in the summer, the steep topography bounding the glacial valley imposes a diurnal pattern on solar insolation with the sun dropping below the mountains in the evenings. We
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Figure 4.1: Study location at the terminus of Taylor Glacier with land-based seismometers CECE and KRIS and on-ice seismometer JESS. Base image: Google, Maxar Technologies, image date: 5 December 2008. Antarctica outline from Quantarctica.
therefore use solar noon as a reference local time, in addition to UTC time, when presenting our results. For this location, solar noon is closest to UTC+11 (note that this is not the same as the local McMurdo time zone). During the winter, the sun remains below the horizon; however, we maintain the same ‘local solar noon time' offset of UTC+11 for consistency.
4.3 Methods

We organize the methods section as follows: we introduce the statistical distribution (F -distribution) of the STA/LTA detection statistic under a hypothesis testing framework, describe the two seismic event detectors, conduct a semi-empirical experiment to evaluate detector performance and compute empirical performance curves, and relate detection capability to source size. Table 4.1 contains a complete list of abbreviations and mathematical symbols.
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Table 4.1: Symbols and descriptions; units given where applicable in square brackets; physical variables refer to cylindrical coordinate system. In this table and elsewhere, we adopt the following conventions: mathematical symbols (except probabilities) are italicized while abbreviations are not; vectors, matrices and tensors are in bold face; and symbols with hats designate estimated values.
Symbol Description

p-wave velocity in ice [m s-1]
s-wave velocity in ice [m s-1] 
vertical p-wave slowness in ice [m-1s] 
detector threshold value estimate 
noncentrality parameter estimate at sample i

ν

ω
A
A0 , Aj
B 
c 
c cRCD , CT 
d e3dof,P3
ER

fZpz;H0q
FZ pz; H0q

gpξ,ωq
H0, H1
Histpzq|29.75.5
I1 
k 
m0 , mj

M
N1, N2Np15qNE 1 , NE2NE 1 , NE2
rNE1,NE2s1,2 ,...

rNE1, NE2, csP 1 ,P 2Pr Pre
PrePrFAQ

r1p0q, r2p0q

Ts, Tl 
upξ,ωq

x 
z p x q z1

vertical s-wave slowness in ice [m-1s] 
receiver and source position vectors [m] 
ice density [kg m3] 
estimated data variance at sample i 
azimuthal angle between source and receiver locations [rad] 
angular frequency [rad s-1] 
ice crack surface area [m2] 
reference and scaled icequake waveform amplitude 
bandwidth [Hz]
dof parameter, measure of dependence between short- and long-term windows 
an estimate of c
Rayleigh wave speed in ice [m s-1 ]
integer number of detected events, total number of infused waveforms 
linear ice crack scale [m]
fit error, e.g., 3dof detector with Parameter Estimator 3 best fit parameter set 
average Rayleigh wave energy [units: J]
PDF corresponding to z under H0 
CDF corresponding to z under H0 
inverse CDF of z under H0, evaluated at probability Pr 
reduced seismic displacement vector [m J-1] 
null hypothesis (no signal present), alternative hypothesis (signal present) 
data histogram for centered 95% quantile
Rayleigh wave first energy integral [J]
wave number projected in the radial direction [ m-1] 
reference and scaled icequake magnitude 
seismic source moment tensor (3x3 matrix) [N∙m = J] 
number of samples in short- and long-term windows 
number of samples in 15-minute data subset 
effective number of statistically independent samples in short-, long-term windows 
dof parameters, estimates of NE1 , NE2

best-fit parameter estimates from 2dof detector initializations
best-fit parameter estimates from 3dof detector Parameter Estimator 1, 2 
theoretical/predicted probability of detecting a waveform
time-averaged true waveform detection probability, synthetic source magnitude mj 

predicted false-alarm probability
surface wave quality factor
Rayleigh wave displacement eigenvectors at ice surface [m] 
radiation pattern, varies with azimuth φ between source and receiver 
Fourier transform of the source-time function of crack that opens at time t0 [m] 
time at sample index separating short- and long-term windows [s] 
duration of short, long-term windows [s] 
multichannel, frequency-dependent seismic displacement at position ξ [m] 
mean ice crack opening displacement at source position ξ0 [m] 
digitized multichannel seismogram data, i.e., xEHE, xEHN xEHZ [counts] 
STA/LTA statistic, i.e., observed particular values zi pxq
a scaled version of z (x), specifically z1 = z
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4.3.1 F -distributions, null and alternative hypotheses
We implement two distinct STA/LTA seismic energy detectors that use noise-adaptive thresholds to identify waveforms. Both the 2dof and 3dof detectors calculate the STA/LTA statistic from two, quasi-independent estimates of sample variance at each time index in a seismogram data stream where such ratios are well defined, and use this statistic to measure signal strength. The STA/LTA statistic follows a so-called F -distribution when the samples drawn from the seismogram data are themselves described by Gaussian statistics [Kay, 1998]. Each detector fits probability density function (PDF) curves to the histogram of the F - distributed STA/LTA statistic by estimating PDF parameters that best fit these data. The parameter set estimate that best fit the STA/LTA statistic (‘fit parameters') describe the shape of theoretical predicted F -PDF curves. When the detector processes a data stream of zero-mean, partially white noise, probability theory predicts that these fit parameters describe an STA/LTA statistic with a density that has a central F -PDF curve shape. In contrast, when data include nonzero-mean signals that superimpose with this noise, theory predicts that the fit parameters describe an STA/LTA statistic with a noncentral F -PDF curve shape [Kay, 1998]. We assume that the data are dominated by noise (the signal sparsity assumption) so we fit the STA/LTA statistic computed from our seismic data with central F -PDF curves. Under this assumption, the middle 95% of a histogram formed from an STA/LTA statistic is well-described by a central F -distribution; we do not fit the smallest or largest 2.5% of the STA/LTA statistic.The two detectors we compare differ in the number of degrees of freedom used to parameterize the F -PDF curves. The three degree of freedom (3dof) detector estimates three parameters which determine the shape of the F-PDF, while the two degree of freedom (2dof) detector estimates only two parameters.We use the STA/LTA statistic to evaluate two hypotheses, namely, that a short-term sample of the data represents only noise (zero mean) or that the short-term sample contains noise plus discrete event (e.g., icequake) signals (nonzero mean). Thus, we can state our 
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hypotheses as H0: the STA/LTA statistic follows a central F -distribution if there is no signal, versus Hl : the STA/LTA statistic follows a noncentral F -distribution if a signal is present [Blandford, 1974]. We assume the central distribution (H0) when we determine the threshold that is based on the middle 95% of the histogram. Our algorithm tests the STA/LTA values (not just the middle 95%) against this threshold to detect waveforms. If any STA/LTA values are declared as “events” above the threshold, theory predicts that the resulting F-PDF distribution containing all STA/LTA values should instead form a noncentral F-PDF distribution (Hl). To the extent that the null hypothesis provides a good data model, our prescribed, predicted false-alarm rate approximately confines the actual false detection rate (i.e., the rate of false positive event declarations). We discuss the predicted false-alarm probability in subsection ‘Invert F-CDF to find threshold value' below.
4.3.2 Detector descriptions

The general workflow for processing 15-minute subsets of data proceeds in six stages for both detectors. We (1) prepare (preprocess) the data, (2) calculate the STA/LTA statistic time series, (3) search for best fit parameter sets using multiple parameter estimators and initializations to minimize the fit error between the data (normalized STA/LTA histograms) and the theoretical F -PDF curve, (4) select the theoretical F -PDF with the lowest fit error among the best parameter sets returned by previous step, (5) invert the associated central F cumulative distribution function (CDF) to find the threshold value associated with a desired false detection probability PrFPrAe, and (6) identify events from short-term windows with STA/LTA values above this threshold. The two different detectors implement distinct parameter estimators; one detector allows for a third degree of freedom parameter to account for data correlation between the short- and long-term windows and the other does not. We describe individual processing steps below.
Preprocess data: We first subtract any linear trend from each time series with the MATLAB function detrend.m that implements least squares regression. We then remove spectral 
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content outside the frequency range [2.5, 35]Hz with a 4th-order minimum phase Butterworth filter designed to retain signal causality and mitigate distortion of the original waveform. We elect to use a minimum phase filter because we plan to use this dataset in the future to identify source locations and we want to preserve arrival times. We choose this frequency range based on visual inspection of spectrograms in which we observe broadband events with apparent diurnal (summertime) and multi-day (wintertime) trends in activity. In the subsequent empirical performance quantification, we detrended, tapered, zero padded, and then filtered the waveform data.
Calculate STA/LTA statistic: The STA/LTA statistic zi pxq at time sample i of digitized, multichannel seismogram data x is the ratio of two statistically independent estimates of data variance σ2. An STA/LTA algorithm computes the numerator (STA) from N1 consecutive samples starting with sample i and the denominator (LTA) from N2 consecutive samples preceding sample i: 

where time t “ tS corresponds to index i that separates the neighboring short-term sample from the long-term sample, and x2k = x2ehe k ' Xehn k ' Xehz k is sample energy of x at sample k, measured in counts. We notationally distinguish parameters that we estimate from data like sample variance with hats (e.g., σ2) to distinguish them from their true values (σ2).The STA/LTA algorithms calculate ratios zi pxq:
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for each sample i such that N2'2 ≤ i ≤ Np15q — N1, where Np15q is the number of data samples in the 15-minute subset of the data record. We calculate the data histogram comprising zi pxq using the centered 95% quantile Histpzq|29.75.5 that counts data over evenly spaced bins equal in number to the square root of the sample count within each 95% quantile. In other words, we use the middle 95% of the STA/LTA ratios calculated from Eq. 2 over the 15 minute (NP15q) subset of the data stream to generate the data histogram.
Search for multiple parameter set estimates using different parameter 

estimators/initializations: We fit F -PDF curves to the normalized histograms of the STA/LTA statistic output by each detector by selecting PDF parameters that minimize mismatch between the data histogram and theoretical PDF curve. Specifically, these curvefitting strategies minimize the L2 norm of the difference between the normalized data histogram Histpzq|29.75.5 and the theoretical PDF, fZpz; H0q. Manual experiments indicated that using the middle 95% provided a good compromise between including sufficient data and excluding outliers. Both detector algorithms implement the MATLAB function fminsearch.m to find parameters that minimize these norms. When fitting the F -PDF curves, we assume the null hypothesis, which posits that the 15-minute data window does not contain a seismic signal — that is, Histpzq|92.75.5 follows a density described by a central F -PDF.The 3dof detector estimates three parameters which determine the shape of the F -PDF. Two of the three parameters, NE1 and NE2, define the effective number of statistically independent samples within the short- and long-term windows. For instance, within each window, we generally expect that samples that are close in time to each other will be more correlated than samples that are farther apart. The third parameter is c, which represents the statistical dependence of the estimated data variability between the short- and long-term windows. Two of the parameter estimators in the 3dof detector allow the third degree of freedom parameter c to vary freely, while the other two estimators impose constraints on c. Appendix A contains complete descriptions of the four parameter estimators.
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The two degree of freedom (2dof ) detector is only parameterized by NE1 and NE2. The 2dof detector constrains the parameter c “ 1 such that the algorithm assumes that the short-term and long-term data variance are effectively independent. Appendix A contains complete descriptions of the three initializations implemented by the 2dof detector.We emphasize that NE1 , NE2, and c are unknown; therefore, our detector algorithms estimate these scalars from the data. The 3dof detector implements four different F -PDF parameter estimators, and returns four sets of best estimates: [Ne1 , Ne2, Ne2{Ne1]p 1, [Ne1 , 
Ne2, 1]p2, [Ne1 , TVe2, c]p3, and [Ne1 , Ne2, c]p4. The 2dof detector initializes one F-PDF parameter estimator with three separate initial parameterizations, and returns three sets of best estimates: [Ne1 , Ne2]1, [Ne1 , TVe2]2, and [TVe1 , Ne2]3. Subscripts (e.g., p 1) notationally designate parameter set estimates resulting from different parameter estimators and primes (1, 2, 3) designate parameter set estimates resulting from different initializations of the same parameter estimator.

Select theoretical F-PDF with the lowest fit error from results of all parameter estima- 

tors/initializations: We next calculate the fit error associated with the best parameter set estimates returned by each fit estimator (3dof case: four sets of estimates) or initialization (2dof case: three sets of estimates). As an example, we calculate the fit error for the third parameter set estimate for the 3dof detector by substituting [Ne1 , Ne2, c]p3 into the norm functional:
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where the form of the equation is similar to that of Eq. A5 and z1 = Nz. We calculate e3dof, P1, e3dof, P2, and e3dof, P4 analogously. We select the smallest of the four fit errors and return the associated parameter triplet as the best parameter set estimate for the 3dof detector.Our process is similar for the 2dof detector. For example, we substitute the parameter output sets from the three initializations into the error equation corresponding to Eq. A1 to



estimate e12dof as:
The 2dof algorithm selects the parameter set associated with the minimum fit error amongst all initialization schemes.

Invert F -CDF to find threshold value: We parameterize the inverse F -CDF with the best estimates from the previous step to determine a threshold value consistent with the desired predicted false-alarm probability. If the 3dof best parameter set corresponded to P 1 or P 3, the scaled version of the STA/LTA statistic z1 replaces z (Eqs. A3 and A5). We scale the STA/LTA statistic for the 3dof detector by the third degree of freedom c in all cases.To establish event detection thresholds, we use a fixed, predicted false-alarm probability PrpA of 10 7 false alarms per window (short-term plus long-term window duration = 3.28s) that equates to „ 1 predicted false alarm per year [Slinkard and others, 2014, p. 2774]. We note that increasing the predicted false-alarm probability will increase the number of detected events. However, our goal is not to detect the maximum number of events but rather to investigate how incorporating temporal correlation into our degrees of freedom (2dof vs. 3dof) impacts event detection within the same false alarm rate bounds. Our choice of 10 7 false alarms per window is typical of other waveform detection applications [e.g., Slinkard and others, 2014]. We then implement MATLAB function finv.m to compute a detector threshold η as estimate η that is consistent with the desired PrpA [Kay, 1998]. Using the 2dof detector case as an example, the η value that establishes this PrpA under H0 is: 

where Fz (z; H0) is the CDF corresponding to PDF fz (z; Ho), and Fz 1 (Pr; H0) is the inverseCDF evaluated at Pr. We emphasize that η is estimable as ^ from Eq. 5 and imperfectly
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known, as with Nei, Ne2, and C. We then assign our resultant ^ values to compute the predicted probability PrPDre that the detector correctly identifies a seismic signal buried in the noise under H1 : 

where the CDF Fz(z, H1) is a noncentral F-distribution function with parameters Nei and NE2 degrees of freedom, and noncentrality parameter λ. This scalar λ implicitly parameterizes Eq. 6 and is directly proportional to the SNR of a waveform that is included in the shorter window of the STA/LTA detector (Eq. B2). Graphically, λ quantifies the separation between the H0 and H1 PDF curves. A larger λ value (relative to zero) indicates a greater separation between these curves; it therefore indicates more confidence in H1. A smaller λ value indicates less confidence (weaker SNR and less probable waveform detections). When λ=0 no separation between the H0 and H1 PDF curves exists. Because λ depends on both waveform and microseismicity characteristics, we cannot predict it in advance of data collection. We relate λ to physical dimensions of glaciogenic seismic sources in a subsequent section. Appendix B more completely describes the λ estimator.
Identify events from short-term windows above threshold: The final step in event identification is to search through the data stream and identify short-term windows with STA/LTA values above the threshold ^ determined in the previous step. Our STA/LTA detector algorithms require processing parameters to uniquely assign detection times and statistics to isolated waveforms. For instance, when our detectors process a particular icequake waveform, they often produce STA/LTA statistics that exceed the threshold estimate ^ over the entire duration of that icequake's waveform. To avoid redundant detection at multiple sample points on this waveform, our detectors define the peak value within any collection of consecutive samples exceeding the threshold as the detection statistic for the underlying 
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signal, and the associated time as the event time. Both detectors output a file for each day which includes detection results, fit parameters, and other file attributes. The net result is a time series of identified events, we show an example time series in Fig. 4.2.

Figure 4.2: Example summary output of the 3dof detector that processed data recorded by JESS on 21 May 2014 10:02:35 UTC. (a) Seismograms of pre-processed three channel data (EHE, EHN, EHZ). (b) Time series of STA/LTA statistic (see Eqs. 1-2) superimposed with a threshold for event detection consistent with a PrpA = 10-7 false alarm rate; red circles mark when this statistic exceeds the threshold (dashed horizontal line). Shaded vertical regions indicate waveforms; the central waveform with the largest detection statistic corresponds to the template implemented in infusion experiments. (c) Normalized data histogram (bars) of the STA/LTA statistic superimposed with the best-fit central F -PDF (curve); the dashed vertical threshold line corresponds to the dashed horizontal threshold shown in the STA/LTA plot at left. The norm of the difference between the histogram and PDF curve at right (the bars and solid curve) defines our estimate of e3dof (initialization subscript suppressed). We show three minutes of data for visual clarity in preference to the 15 minute data windows that we use in all processing routines described elsewhere in this paper.
4.3.3 Semi-empirical performance comparison

We run a semi-empirical experiment to quantify how well the 3dof and 2dof detectors count icequakes in real noise conditions. Our original data streams contain unknown numbers of ‘real' events. We therefore create a hybrid data stream comprising the original geophone 
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data and a known number of infused, amplitude-scaled icequake waveforms. We emphasize that this infusion routine is distinct from the convolution routines used to generate synthetic seismograms. Our infusion routine linearly adds the amplitude-scaled icequake waveforms to the original, unscaled data stream in the time domain [see Carmichael and Nemzek, 2019, for further details].We run both detectors on the hybrid data stream and count the number of infused waveforms that our detectors find over a range of scaled amplitudes that we relate to pseudomagnitude, after Carmichael and Nemzek [2019]. The template icequake waveform that we scale for our infusion process (Fig. 4.2a, prominent waveform near 90 s) has amplitude A0 and corresponds to an unknown reference magnitude m0. We premultiply this template waveform by a scalar Aj related to icequake magnitude: Aj∙ = 10mjmA0 where mj∙ is the relative magnitude (‘pseudo-magnitude') of the hypothetical icequake source that excites a scaled waveform of amplitude Aj. We index magnitude and amplitude by j to indicate that we sample relative magnitude over a uniform 200 point grid, and limit its domain to: —2.5 
≤ mj — m0 ≤ 0 because this range yielded meaningful empirical performance curves (see results section). We create this hybrid data stream using 900-second (15-minute) windows, and infuse 28 identical copies of the scaled waveform evenly over time within each window.After we infuse the scaled events, both detectors scan the entire 15-minute window for events. We then check the detection results at the known infusion times to determine if the detector correctly identified the added events. Our algorithms define such detections as ‘true' if they declare an event within N1 samples (corresponding to 0.625 s) of the manual waveform infusion time. We repeat this detection operation for every 15-minute window of the selected days and for all j scaling factors in our test domain. As we are interested in temporal differences in detection capability at diurnal and seasonal scales, we select three consecutive typical summer days and three consecutive typical winter day as test periods for the empirical performance comparison. We select these ‘typical days' from a visual inspection of the pattern of event counts throughout the day (grey boxes highlight these days in Fig.
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4D.1). This manual review showed that these three winter and summer days represented the average (mean) pattern for their associated season well.
4.3.4 Empirical performance curvesWe estimate the mean observed (empirical) probability PrDbs that our STA/LTA detectors identify scaled, infused waveforms by averaging the number of these same waveforms that we detect within our hybrid data, produced by a hypothetical source of magnitude mj∙ — m0. We compute uncertainty weighted estimates as: 

where term CD is the integer number of detected events (CD P r0, 28s), CT is the total number of infused waveforms (CT = 28), and ek is the window-specific fit error, for instance e3dof (Eq. 3) or e2dof (Eq. 4). In detail, term PrODbspmj; kq refers to the count-normalized number of infused waveforms that an STA/LTA detector identifies in a 900 s window that contains a total of 28 infused waveforms, and k indexes the number of infusion routines that we apply to a 24 hour dataset (1 ≤ k ≤ 96 reflects one infusion routine per 900 s).Term PrODbspmj; kq therefore measures the average empirical probability that an STA/LTA detector identifies a waveform produced by a hypothetical icequake source of magnitude mj— m0. Each subsequent down-scaling (different mj) reduces the SNR of the infused waveforms and the probability that either detector could distinguish these waveforms in the pulse train from noise. We use analogous equations for all other error-weighted results reported in this paper and omit writing the error-weighted version of each equation. Additional quantitative details of the error weighting scheme are well documented in Carmichael and Nemzek [2019].
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The resultant locus of all points described by Eq. 7 (all j) compares STA/LTA detection rates against relative source size over our limited magnitude grid —2.5 ≤ mj — m0 ≤ 0. We calculate weighted and unweighted versions and plot these in the results section. Equation 7 with ek = 1 for all k defines the unweighted, mean empirical probability. To compare the spread of detection probability at different relative magnitudes, we calculate and plot the quantiles of CD/CT .
4.3.5 Relationship between detection capability and source size

While our semi-empirical analysis compares icequake detection rates against a measure of source size (magnitude), this analysis does not relate these magnitudes to any observable of a typical glaciogenic source. We therefore transform our magnitude grid mj — m0 to a representative, seismogenic ice crack model to improve our understanding of the physical limits that bound our ability to detect transient icequakes in real noise. This comparison will allow us to report detection values against the spatial scale of an equivalent surface crack, even when we detect waveforms that originate from sources that are not surface cracks. We do not include complicating effects of firn or depth-dependent density changes that would complicate our model. Our objective is to bound the behavior of source effects on the noncentrality parameter λ rather than model the wavefield. Further, both the source and receiver in our model are located on-ice in the ablation zone (no firn present).We first compute the theoretical, azimuthal-integrated Rayleigh wave seismogram energy that we measure from a hypothetical, opening crack in the ice. We then compare this model against observed, integrated seismogram energy that relates to noncentrality parameter λ and measures our predicted detection probability PrPDre pm — m0q (magnitude grid index k omitted).To construct the seismogram model, we assume that a source consists of a opening tensile crack with a crack plane perpendicular to the ice surface. We consider small cracks that radiate high frequency Rayleigh waves near the limit of our reliable detection ability, so that 
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their wavelengths do not sample the ice (or bed) at depth well and we can therefore model the glacier ice as a half space. Under these assumptions, the frequency domain displacement at receiver location ξ created by the displacement at shallow crack source with location ξ0 has a particularly simple form: u = R (φ) g(ξ, ω), where R (φ) is the radiation pattern that varies with azimuth φ between source and receiver, and where g(ξ, ω) is a vector independent of φ [Aki and Richards, 2002, p. 328]. This vector gpξ, ωq depends on components of the source moment tensor M (Eq. C2), which represents the body-force equivalent of the crack face opening displacement as a weighted set of force couples, localized at source point ξ0. The analytical expressions for both R (φ) and g(ξ,ω) appear in Appendix C where we compute the energy explicitly; we simply summarize those results here. First, we square and average this displacement ∣∣u(ξ,ω)∣∣2 over azimuth to obtain the average Rayleigh wave energy Er:

The integrated, squared radiation pattern is a function of frequency, elastic constants, crack area A, and the crack face-opening distance [u(ξ0,t0)]. Our notation means that the crack is located at point ξ0 and opens a distance [u] at time t0. We emphasize that the energy integral refers to ice displacement in the frequency domain (Hz) and factor the crack's spatial dependence and frequency dependence into the product [u(ξ0,t0)] = [u(ξ0)] s(ω), where spωq is the Fourier transform of the displacement source-time function of the crack that opens at time t0; Appendix C documents our choice for s(ωq. We then explicitly write the dependence of the integrated Rayleigh wave energy in terms of energy created in opening the crack:
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where ρ is ice density, β is s-wave velocity in ice, and the term O.T . stands for ‘other terms' that are functions of frequency ω, density, body wave speeds, and Rayleigh wave speeds. We further include physical effects of anelasticity that dispersively attenuate waveforms as they propagate from source point ξo to receiver point ξ [Carmichael and others, 2015, Fig. 4a]. To quantify such attenuation, we multiply the right-hand side of Eq. 9 by exp (~ωQC~ξ°l1), where Q is the surface wave quality factor and cR is Rayleigh wave speed; we note that the phase function of the attenuation is zero in the energy function. We integrate (smooth) the result over the range of our bandpass-filtered frequencies, ωmin to ωmax: 

where we have lumped the attenuation factor with ‘other terms' that we integrate to define I Pωmin, ωmax). Importantly, Eq. 10 illustrates that azimuthally averaged Rayleigh wave energy is proportional to a transient increase in crack volume.We relate the noncentrality term λ of the STA/LTA detector statistic to the integrated Rayleigh wave energy through Parseval's theorem. In plain words, this theorem states that the time domain energy of a signal equates to the frequency domain energy of that same signal [Stein and Wysession, 2003, p. 375]. The ratio of this integrated signal energy to noise variance defines λ:
Eq. 11 combines with Eq. 6 to quantify the predicted probability PrpDre that the STA/LTA detector will trigger on an waveform radiated by a crack of area A that opens a distance 
[u(ξ0)]. We note that the newly created crack volume A [u(ξ0)] relates to a length scale1d as d — (A [u(ξ0)])3. This relationship is useful to compare detectable crack dimensions to other characteristic glaciological length scales, like thermal penetration depth of diurnal heat input. We restrict the analysis to an on-ice source and receiver. For a more complex 
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analysis to model a receiver on a different substrate, the right-hand side of Eq. 11 would effectively be multiplied by a transmission coefficient.
4.4 Results

To explore the capabilities of these detectors and understand their differences, we focus first on an overview of the seasonally-variable seismicity characteristics as measured by the two detectors. Then we conduct a more detailed assessment of detector capabilities using results from the infusion experiment. This assessment uses data from 3-day time periods in summer and winter and relates the detection capabilities to equivalent surface crack source sizes.
4.4.1 Measured seismicity time series during 2014

The 2dof and 3dof detectors both measure time series that show substantial seasonal differences in seismicity (we define seismicity quantitatively as discrete seismic events per time period; here we use 15 minutes). Fig. 4.3 shows seismicity for CECE, one of the land-based stations. Diurnal variability in seismicity dominate during summer months (i.e., November-January, Fig. 4.3, see also Fig. 4D.1a,c); in contrast, multi-day increases and decreases dominate during the winter months (i.e., April-July, Fig. 4.3). Further, the wintertime shows consistently higher average event counts at the land-based stations.The 2dof and 3dof detector results are more similar in the winter and diverge in the summer, when the 2dof detector identifies more events. Results from the other two stations show similar summertime diurnal and wintertime multi-day patterns; except that the on-ice station JESS shows a smaller inter-detector difference (Fig. 4D.2).Based on this initial observation of seasonally-contrasting seismicity patterns, we split our results into summer and winter cases in the following sections, using data from December 2013-January 2014 for summer cases and May 2014 for winter cases.
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Figure 4.3: Seismic events per 15 minutes during 2014 at land-based station CECE as identified by the 2dof (thicker red line) and 3dof (thinner blue line) detectors. Data are smoothed with a 9-point, two-hour moving window with uniform weighting (e.g., the value for events per 15 minutes at 02:00 is smoothed using event counts per 15 minutes from the 9 points: 01:00, 01:15..., 02:45, 03:00).
4.4.2 Measured seismicity characteristics during summer and winter

The difference between detectors with respect to the seasonal pattern in seismicity is shown in more detail in Fig. 4.4. Here we plot the following time-averaged results from one summer month and one winter month: event counts for each detector (Fig. 4.4a-d), interdetector difference in event counts (Fig. 4.4e-f), and 3dof detector c values (Fig. 4.4g-h).
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Figure 4.4: (a, b) Error-weighted mean number of detected events per 15 minutes using the 2dof detector and (c, d) 3dof detector; (e, f ) point-wise difference in error-weighted mean events between 3dof and 2dof detectors (negative numbers indicate fewer 3dof event counts relative to 2dof counts); and (g, h) error-weighted 3dof C (note: the 2dof detector has no analogous C value). The left column is one summer month, Dec 2013; the right column is one winter month, May 2014. Event counts and C values are error-weighted and time-averaged similar to Eq. 7 and binned by 15-minute windows. Local solar noon time is labelled on all plots, with UTC time (bold) labelled on g, h only.
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We observe distinct diurnal patterns during the summer in measured seismicity at all three stations. Seismicity gradually increases throughout the local evening (after „ 06:00 UTC), peaks in local early morning („16:00 UTC), and declines rapidly thereafter (Fig. 4.4a,c). In contrast, there is no persistent diurnal seismicity pattern during the wintertime (Fig. 4.4b,d). Seismicity measurements from on-ice station JESS show both the highest mean seismicity over the summer and the highest variability when compared to the seismicity measured on land-based stations CECE and KRIS, regardless of detector (Fig. 4.4a,c). The inter-detector difference in measured seismicity is generally larger (more negative) in the summer at the land-based stations than at on-ice station JESS (Fig. 4.4e); in the winter the inter-detector difference is more similar between the stations (Fig. 4.4f).The inter-detector difference is also characterized by a diurnal cycle in the summer (Fig. 4.4e) that is absent in the winter (Fig. 4.4f). The 2dof detector identifies more events per 15 minutes than the 3dof detector, but the inter-detector difference is largest during the high-seismicity, local morning (UTC afternoon) in the summer. The largest difference in measured seismicity also coincides with the largest values of the error-weighted third degree of freedom parameter C (Fig. 4.4g) that qualitatively measures higher temporal correlation in the seismic data (higher inter-sample correlation). The 3dof estimates of C generally agree during the wintertime across the stations and over time of day (Fig. 4.4h).
4.4.3 Infusion experiment: empirical performance curves

Our waveform infusion experiment was designed to measure detector capability over a range of magnitudes. Fig. 4.5 shows the seasonal, sub-daily, and inter-station differences in event counts as a function of infused event magnitude. In the subsequent discussion, we use the phrase ‘reliably detect' to indicate Prθbs ≥ 0.8, which is equivalent to the area above the horizontal dashed line in each panel of Fig. 4.5. We define the mean 80% detection magnitude as the minimum magnitude within our search grid at which we achieve an 80% or greater detection rate (Prθbs ≥ 0.8, Table 4.2). Throughout the remainder of the paper, we 
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use the terminology ‘detection magnitude' and ‘detection capability' somewhat interchangeably. In detail, the 80% detection magnitude is a quantitative measure based on waveform detection rates, and detector capability is a qualitative description. Smaller (more negative) 80% detection magnitudes correspond to better/stronger detection capability and larger (less negative or closer to zero) 80% detection magnitudes indicate worse/weaker detection capability.

Figure 4.5: Empirical performance curves for stations CECE (left block of 4 panels), KRIS (central block), and JESS (right block): number of detections of infused waveforms (maximum count = 28) per 15 minutes over the experimental range of relative magnitudes. (a-f) 2dof detector unweighted mean (bold red curves) and uncertainty-weighted mean (dotted lines). (g-l) 3dof detector unweighted mean (bold blue curves) and uncertainty-weighted mean (dotted lines). The unweighted means are the time-averaged number of events detected at each relative source size, where we average over the 3-day period. The uncertainty- weighted means account for uncertainty in the null (H0) PDF as in Eq. 7. Within each 4-panel station block the left column shows results from three summer days (21-23 January 2014) and the right column shows results from three winter days (20-22 May 2014). In each panel the thicker, red or blue line corresponds to the labelled detector (a-f: 2dof, g-l: 3dof) and the thinner black line is the unweighted mean from the opposite detector for comparison (a-f: 3dof, g-l: 2dof). The darker grey shading encloses the 25-75% quantile of number of detections, and the lighter shading encloses the 5-95% quantile. The horizontal dashed line in each panel is 80% of total number of infused events.
The sub-daily temporal variability in detection rates across the tested magnitude range differs greatly between the summertime and wintertime records. At the land-based stations (CECE and KRIS), both the spread and the mean 80% detection magnitude are larger in
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Table 4.2: Mean 80% detection magnitudes in pseudo-magnitude units, averaged over the three-day test periods in summer and winter. This is the first grid value at which a 0.8 detection rate is exceeded.
Station Detector Summer Winter
CECE 2dof -1.1500 -1.6000

3dof -0.8125 -1.5375
KRIS 2dof -0.0875 -1.2500

3dof -0.0125 -1.2000
JESS 2dof -1.8375 -0.9125

3dof -1.8000 -0.7625

the summer than the winter. At the on-ice station (JESS), the opposite is true; the spread and mean are larger in the winter (Table 4.2, Fig. 4.5). Stated differently, at the land-based stations we detect fewer discrete waveforms of low magnitude in the summer than in the winter, and their detection rates depend more on time of day.For instance, at station CECE the 2dof detector can only reliably detect a waveform 1.15 pseudo-magnitude units below that of the template icequake waveform in the summer noise and environmental microseismicity conditions. In the winter, the same 2dof detector can reliably detect this icequake waveform about 1.6 psuedo-magnitude units below that of the template waveform (Fig. 4.5a-b, Table 4.2). The uncertainty in the summer detection rate estimate is also highly asymmetric (red curve not centered in shaded quantile region). That is, the 2dof detector triggers on discrete icequakes that are a full 2.0 pseudo-magnitude units below that of the template waveform about as often as the detector triggers on events that are 1.0 pseudo-magnitude units below that of the template waveform magnitude.The summer 3dof results from CECE and summer 2dof and 3dof results from KRIS are likewise skewed with the mean 80% detection magnitude located far to the right (larger relative magnitude) within the shaded quantile region along the 80% detection line. In other words, during some parts of the day at the land-based stations, the smallest reliably detected events are an order of magnitude smaller than the overall mean daily value for reliable detection. In contrast, icequake detection rates during the winter have comparatively low 
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variability, lower 80% threshold mean values, and the means are more centered within the 80% detection magnitude range at the land-based stations.Both detectors at on-ice station JESS reach 80% detection for smaller relative magnitude waveforms during the summer than in the winter (Table 4.2). That is, smaller icequakes are detected more frequently, and with more consistency throughout the day, in the summer at JESS than in the winter. Qualitatively, the summer curves for station JESS resemble the winter curves for the land-based stations. The mean 80% detection magnitude during the summer at JESS is smaller than at the land-based stations, but during the winter, the mean 80% detection magnitude at JESS is larger than at the land-based stations (Table 4.2).Uncertainty-weighting the mean has the largest impact at the land-based stations in the summertime, particularly for the 3dof detector (thick blue vs. dashed lines Fig. 4.5g,i). We observe the largest inter-detector differences during the summer at the land-based stations and in the winter at the on-ice station (thin black lines vs. thick blue or red lines on the same subplot, Fig. 4.5). The range of threshold magnitudes tends to be larger for the 3dof results than for the 2dof results for a given station/season pair. This indicates greater sub-daily variability in the 3dof detector capability than in the 2dof detector capability. At the lowest detection rates (corresponding to detection pseudo-magnitudes around —2 for station CECE and —1.5 for station KRIS in the summer for instance), the curves for the two detectors converge.We note that for all curves, with the exception of the KRIS summer curves, plateaus in event counts at the upper and lower limits of the tested pseudo-magnitude range indicate that the range spans the transition from few, if any, event detections until event size is large enough that all events are detected. In the case of the KRIS summer curves, larger (positive) pseudo-magnitudes could be tested to reveal the upper plateau in detected event counts, but we do not extend the analysis further at this time.
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4.4.4 Infusion experiment threshold magnitudes and measured seismicity
We compare the infusion experiment magnitude thresholds (during which we controlled the number of possible ‘true' detections and their pseudo-magnitudes) to the event counts from the seismic data record (number of ‘true' events and magnitudes unknown) in Fig. 4.6. Based on the three-day record of threshold magnitudes generated by the infusion experiment, we observe that magnitude thresholds and event counts do not consistently increase or decrease together.We highlight four different relationships between detection thresholds and event counts in Fig. 4.6c,e; both subplots are results from the summertime. In the first case, event counts increase as 80% magnitude thresholds increase (‘1' in Fig. 4.6c). In the second case, event counts decrease as 80% magnitude thresholds decrease (‘2' in Fig. 4.6c). In the third case, event counts increase while 80% threshold magnitudes decrease ( ‘3' in Fig. 4.6c). In the fourth case, event counts decrease while 80% magnitude thresholds increase (‘4' in Fig. 4.6e).During the 3-day time period in winter in which we performed the icequake infusion experiment, we observe a station-wide drop in detector capability from 03:30-13:30 UTC on 22 May 2014 (broad peak in 80% detection thresholds labelled ‘***' in Fig. 4.6b,d,f). This contrasts with some of the drops in detection capability observed in the summer, which do not always correlate network-wide. For instance, the highest peak in 80% threshold magnitude at station JESS coincides with a trough in 80% detection magnitude at station CECE (single ‘*' labels on Fig. 4.6a,e).
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Figure 4.6: Relative magnitude of infused events with 80% detection (red and blue curves, left vertical axes) and measured event counts (grey and black curves, right vertical axes) during 3 summer (21-23 January 2014) and 3 winter days (20-22 May 2014) for land-based stations CECE (a,b) and KRIS (c,d) and on-ice station JESS (e,f). The thicker red curves are the 2dof detector 80% detection magnitudes, the thinner blue curves are the 3dof detector 80% detection magnitudes. Gaps in the curves indicate 15-minute windows during which the detector failed to identify 80% of the infused events at any magnitude within the tested range. On the left vertical axes, larger negative numbers (further from zero) correspond to smaller magnitudes, associated with better detection capability. The grey (2dof) and black (3dof) curves are event counts from the seismicity time series obtained by processing the original data stream (not the infusion experiment). Notations 1-4 and * to *** are explained in the text. Local solar noon time is labelled on all plots, with UTC time (bold) labelled on e, f only. The left vertical axes are expanded for plotting purposes, note the tested range for the 80% detection magnitude is [—2.5,0] psuedo-magnitude units.
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The 80% detection magnitude is generally larger and more variable during the summer than the winter at the land-based stations (Fig 4.6a,c versus Fig. 4.6b,d). At station KRIS in particular, during the 3-day testing period in the summer there are 75, 15-minute windows for the 2dof detector and 70, 15-minute windows for the 3dof detector during which the detector does not achieve 80% detection at any magnitude in our test range. We note that while we do not know the 80% detection magnitude during these time frames, we do have a minimum bound which is the magnitude of the infused event. At station CECE, there is one 15-minute window during which the 3dof detector did not achieve reliable detection. During the summer at KRIS, 80% detection magnitudes for the 2dof and 3dof detectors are similar (Fig. 4.6c). However, at CECE, the 2dof and 3dof curves separate when the 80% detection magnitudes are higher and converge at the lower magnitudes (Fig. 4.6a).On-ice station JESS has much better detection capability (lower 80% detection magnitudes) during the summer than the land-based stations, though there are some multi-hour drops in capability (peaks in Fig. 4.6e). During one of these drops in detector capability, the 3dof detector shows worse detector capability compared to the 2dof detector (highlighted by vertical lines and ‘4' on Fig. 4.6e). Wintertime 80% detection magnitudes at JESS are higher than in the summer, and there is qualitatively more variability between the 2dof and 3dof detectors. There are three 15-minute windows in the 3-day winter testing period during which the the 3dof detector does not achieve 80% detection at any of the tested magnitudes. These windows occur during the coherent, network-wide increase in 80% detection magnitude between 03:30-13:30 UTC on 22 May 2014 (‘***' on the right column of Fig. 4.6). This drop in detection capability is more pronounced at stations JESS and KRIS than at CECE.
4.4.5 Infusion experiment: size estimates of cracks at the detection threshold

Finally, to bound the size of Rayleigh-wave-triggering icequake sources that we can reliably detect, we calculate equivalent fracture scales from our analytical source model. We use Eqs. 6 and 11 with our infusion experiment results to plot the number of events detected by 
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the 3dof detector in the waveform infusion experiment as a function of source size. The 3dof detector generally shows a lower (worse) detection capability compared to the 2dof detector, so we chose the 3dof results for this analysis. Thus Fig. 4.7 provides a lower bound on crack size estimates. Fig. 4.7 indicates that on all three summer days, we could reliably detect icequakes of source dimension scale ≥ 0.33-0.45 m. During the winter days, we could only reliably detect icequakes of source dimension scale ≥ 0.6 m, and on one day the source scale needed to be ≥1m for the 3dof detector to reliably detect the events.

Figure 4.7: Waveform detection counts recorded at station JESS plotted against the size of an equivalent surface crack on Taylor Glacier that opens in tension impulsively and radiates an attenuated seismic waveform, where the distance between the crack and station JESS is 500m. Circles mark seismic waveforms infused during three winter days (20-22 May 2014) that trigger the 3dof detector; squares mark seismic waveforms infused during three summer days (21-23 January 2014) that trigger the same 3dof detector. The solid vertical line indicates a 10m x 10m crack that opens 1cm; the dashed vertical line indicates a 2mx2m crack that opens the same 1cm. The shaded region indicates the predicted detection rate range 0.8 < PrD < 0.99. For each day in the testing period, the results are time-averaged such that each circle or square indicates the mean number of counts over all 15-minute windows during that day; within each day there are 200 circle or square markers corresponding to the 200 subdivisions of our pseudo-magnitude grid (—2.5 ≤ mj∙ — m0 ≤ 0). The source dimension scale d relates to source crack volume through d = (A [u(ξ0)])3. Inset: schematic (not to scale) of crack opening with crack area A and opening distance [u(ξ0)]; orange triangle represents a seismometer.
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4.5 Discussion
The number of event detections, variability in event detections, and size of the smallest icequake we can detect all vary depending on time of day, season of year, station location, and detector (2dof or 3dof ). We organize our discussion into five sections to describe and interpret (1) relationships between environmental seismicity and event detection, (2) detection thresholds and event counts, (3) inter-detector differences, (4) crack size detection limits, and (5) potential differences between on-ice and land-based seismometer sites.

4.5.1 Impact of environmental microseismicity on event detection
During the infusion experiment, we control the magnitude and timing of the icequakes that the detectors attempt to identify. We know exactly when the events are infused; thus we can directly test if the detectors successfully find the events or not. We perform the same infusion operation (infuse the same scaled waveform) for each 15-minute window during the 3-day test period. We therefore conclude that the temporal variability in detector capability (as quantified by 80% threshold magnitudes) during our infusion experiment reflects temporal variability in environmental microseismicity.We select 3 consecutive summer and 3 consecutive winter days for the infusion experiment. A longer time series of threshold magnitudes could better reveal potential environmental drivers of detection capability variability, but generating a longer time series requires a computationally prohibitive amount of time that falls outside the scope of this paper. Nonetheless, the short record of 80% detection rate threshold magnitude estimates provide a useful measure to quantify how icequake detectability varies on sub-daily and seasonal time frames.We consider station CECE: during a typical summertime period, icequakes 2 pseudomagnitude units below the template magnitude trigger our detector with a 0.8 probability. However, less than four hours later, icequakes must be a full magnitude larger to trigger that same detector at the same 0.8 probability (see area indicated by the ‘**' on Fig. 4.6a). This 
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suggests that small icequakes close to CECE are effectively undetectable at one time of day, but are well-detected only several hours before or after that time of day.During the infusion experiment, we note some decreases in detection capability are localized to one or two stations (e.g., ‘*' on Fig. 4.6a,e) while other decreases in detection capability are observed network-wide (‘***' on Fig. 4.6b,d,f). The coherency of this latter decrease in detection capability points to a forcing mechanism operating on the scale of at least the local seismic network. During this multi-hour period of elevated threshold magnitudes, we also observe higher sustained wind speeds (Fig. 4D.3). However, during the rest of the 3-day winter period, more rapid wind speed fluctuations do not seem to affect detection magnitude. We therefore cannot clearly link changes in detection magnitude to wind speed alone.We suspect a connection may exist between temporal variability of threshold magnitudes and local meteorological conditions. However, a qualitative comparison between magnitude thresholds and either air temperature or wind speed recorded at the Taylor Glacier meteorological station does not indicate a simple direct relationship. We note that other studies suggest a more complex relationship might exist between seismicity and surficial thermoelastic changes [e.g., MacAyeal and others, 2018; Podolskiy and others, 2018], but a similar analysis is beyond the scope of this paper. We provide plots of magnitude thresholds with wind speeds and air temperature using data from the Taylor Glacier meteorological station operated by the McMurdo Dry Valleys Long Term Ecological Research (LTER) Project in the supplementary material (see Fig. 4D.3 and Fig. 4D.4).
4.5.2 Detection thresholds — when do changes in event counts represent ‘true' seismicity changes?

We interpret four relationships between detection threshold and event counts. Each of these cases is labelled on Fig. 4.6.1. When event counts increase as 80% magnitude thresholds increase, we can unambigu
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ously interpret the increase in event counts as an increase in ‘true' seismicity as we no longer reliably detect small events that were previously detectable. Further, if we assume a Gutenberg-Richter type scaling of event size similar to that described by MacAyeal and others [2018], we can interpret these increases in event counts as reflecting not only more ‘true' events, but also as including larger events.2. Likewise, when event counts decrease as 80% magnitude thresholds decrease, we can unambiguously interpret the decrease in event counts as a decrease in ‘true' seismicity following parallel reasoning as in the first case. Again, if we assume a Gutenberg-Richter type scaling, and if our detectors are triggering on smaller events during this time while simultaneously triggering less often, there must be fewer ‘true' events in total, and they are smaller in magnitude.3. When event counts increase while 80% magnitude thresholds decrease, we cannot interpret the increase in measured events in the same way. The increase in detected events may simply result from the increased detector capability, i.e., during this time frame, smaller events trigger the detectors.4. When event counts decrease while 80% magnitude thresholds increase, we likewise must consider that the decrease in counts may simply reflect a reduced ability to detect very small events during this time.We can therefore interpret the features labelled ‘1, 2' in Fig. 4.6c as a true increase followed by a true decrease in seismicity. In contrast, we must take care not to over interpret features like those labelled ‘3' and ‘4' in Fig.4.6c and 4.6e as changes in true seismicity. More simply, if event counts and threshold magnitudes change with the same directionality (both increasing or both decreasing), we can interpret these as changes in true seismicity as well as sizes of those events, while if the direction of change does not match, we cannot make similar interpretations.
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4.5.3 Differences between the detectors
The 3dof detector underperforms relative to the 2dof detector. Specifically, the 3dof detector triggers on fewer events than the 2dof detector under the same noise conditions (Fig. 4.4e,f ), and has larger 80% detection magnitudes during the infusion experiment (Fig. 4.6, Table 4.2) for each station/season pair. We note that when the 3dof detector identifies fewer events in the main (non-infused) dataset, this often coincides with times when the 3dof detector requires larger threshold magnitudes to reliably detect events in the infusion experiment (see area marked ‘4' in Fig. 4.6e). Following similar reasoning as in the previous section, we interpret that the 3dof detector is failing to identify small events that the 2dof detector successfully identifies.We therefore propose that variability in the inter-detector difference in measured seismicity reflects temporal variability in environmental microseismicity. The 2dof detector interprets some waveforms as small-magnitude events while the 3dof detector classifies the same elevated energy as non-event background microseismicity.Furthermore, the detector that evaluates elevated energy as environmental microseismicity is the 3dof detector, which incorporates the additional degree of freedom to accommodate correlation between the short- and long-term windows. We also observe that, at least during the summertime, larger inter-detector differences coincide with peaks in the value of C, which relates to the inter-sample dependency between the short- and long-term windows (Fig. 4.4e,g). We propose that as correlation increases between the short- and long-term samples (i.e., coherency of ‘background noise' increases), the 3dof detector fits the data using scaling factors to accommodate the correlation, as in Eqs. A3, A5, and A6. This dilation moves the threshold to higher STA/LTA values, and thus reduces the number of identified events. The change in the scaling factors thereby reflects one or more physical, glaciologic processes that we empirically observe, though we refrain from any specific process attribution. The decision whether or not to, in effect, filter out this process from the seismicity 
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time series by selecting one detector over the other depends on whether we are interested in this process or want to consider it as background noise.
4.5.4 What crack sizes are detectable under different environmental microseismicity conditions?

Fig. 4.7 shows event counts as a function of source dimension scale, with a hypothetical source located 500m from station JESS. We note that these results are from the 3dof detector, and thus represent a lower bound estimate of the source sizes we can reliably detect due to the poorer detection capability of the 3dof detector.The smallest crack sizes we can reliably detect are similar in linear scale to processes that have been associated with diurnal microseismicity on other glaciers, as well as the modelled depth of penetration of solar radiation in the summer at Taylor Glacier [0-50 cm, Hoffman and others, 2008]. In the winter, even with the lowest detection capability (furthest right set of circles in Fig. 4.7), we consistently detect cracks of linear source scale ≥1m. Under summer conditions, we are able to reliably detect cracks of linear source scale ≥1∕3m. These length scales are comparable to depth scales of thermal bending moments associated with freezing superimposed ice over a subsurface slush layer [0-150cm, MacAyeal and others, 2018, Fig. 11], and diurnally variable thermal stresses [depths less than „ 40-60 cm, Zhang and others, 2019].We suspect that icequakes∕seismic events with a magnitude that makes them unlikely to be detected (for instance, PrD < 0.5) likely make up the environmental microseismicity we indirectly observe through its impact on threshold magnitudes. We further speculate that, at least in the summertime, these events may be linked to thermally-driven processes based on the diurnally variable seismicity and inter-detector difference in seismicity.
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4.5.5 Does seismometer deployment site matter?
We observe the following differences between the two land-based stations and the on-ice station. During the summer, the two land-based stations show both a poorer, time-averaged detection capability and a greater variability in this detection capability (larger spread in 80% detection magnitudes) when compared to on-ice station JESS (Fig. 4.5, Table 4.2). We emphasize that this variability in capability that occurs during our detection experiment can inform interpretation of variability in measured event counts. For instance, on-ice station JESS shows the greatest summertime diurnal variability in seismic event counts among the three stations (Fig. 4.4a), but the lowest range in observed detection probability while maintaining smaller threshold magnitudes during the infusion experiment (Fig.4.6e). If we assume that threshold magnitudes remain smaller at JESS throughout the summer, we can infer that the higher event counts at station JESS likely include smaller events than those counted from data recorded at the land-based stations. Cumulatively, the results show that measured seismicity at on-ice station JESS: (1) shows greater summertime diurnal variability, (2) is more independent of detector choice, and (3) likely includes more small events than the seismicity measured at the land-based stations.We speculate that our land-based stations recorded elevated seismo-acoustic noise and microseismicity that originated from ice cover of nearby Lake Bonney. Three of the authors have conducted fieldwork at Taylor Glacier over the course of multiple field seasons. Loud cracking noises were observed in all field seasons; the observers' sense was that the sound originated from the lake. If these acoustic waves couple to the ground, we might expect that the land-based stations record the energy more strongly due to their lake-proximal location. We further speculate that different seismo-acoustic impedance contrasts of the materials used to bury the sensors (approximately sand to cobble sized sediment for the land-based stations, and ice chips which subsequently sinter for the on-ice station) affect seismo-acoustic energy transmission and ground coupling resulting in differential recording of acoustic energy. Thus we posit that the burial of station JESS in ice better shielded that sensor from the 
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same noise sources as present near the land-based stations. Other factors likely influence the relative microseismic energy recorded at land-based vs. on-ice stations, including travel path effects (through lake ice, glacial ice, frozen/thawed sediment, saturated/dry sediment), but an analysis of these factors is beyond the scope of this paper. Wintertime detector capability for the land-based stations is better than for the on-ice station, though the discrepancy between stations is not as large as during the summertime and we offer no explanation for this observation.When planning seismometer sites for a passive glacial seismology experiment where land and ice deployment sites are possible, we recommend that researchers consider this potential influence of seismic station location on measured seismicity. We suggest that on-ice stations may be preferable for summertime seismic investigations of glaciers in the Dry Valleys of Antarctica. These Dry Valley glaciers are characterized by low ablation rates and limited surface meltwater; therefore, on-ice stations are more likely to remain buried, unflooded, and well-coupled to the ice than in other glacial settings. Land-based stations remain useful in cases where on-ice sensor coupling is lost and results in compromised data [Carmichael, 2019] and when they can create a favorable network geometry to study specific source locations of interest. For wintertime seismic investigations, land-based stations may be preferable to on-ice installations if our study is representative of other sites. We concede that these interpretations are based on a small network with only one on-ice sensor and two land-based sensors.
4.6 Conclusions and recommendations

We processed seismic data from Taylor Glacier, Antarctica using two noise-adaptive STA/LTA detectors to measure the influence of environmental microseismicity on our capability to detect discrete seismic events in a glacial/periglacial setting. Both detectors adapt their detection thresholds to current noise conditions in order to maintain an approximately constant predicted false alarm rate. Although both detectors fit PDFs to the observed data, 
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the 3dof detector uses three degrees of freedom to describe the PDF shape while the 2dof only uses two degrees of freedom. The third degree of freedom implemented by the 3dof detector is designed to adapt to temporally correlated background noise. We qualitatively compare the temporal variability in event counts across seasons and between the two detectors, experimentally determine threshold detection magnitudes for a 3-day summer and a 3-day winter time frame, and relate these threshold magnitudes to an equivalent surface crack source size. We make the following five conclusions:1) Environmental microseismicity present in the glacial and periglacial envi

ronment of Taylor Glacier's terminus regulates detector capability to reliably 

detect small seismic events. During the summertime, microseismicity has a significant diurnal pattern as reflected in the diurnal pattern of the inter-detector difference in measured event counts. Environmental microseismicity is less temporally variable during the wintertime. At the land-based stations in particular, summertime background microseismicity varies enough over sub-daily time scales such that detection magnitude thresholds can vary by a full magnitude unit over times scales as short as a few hours. This means that given two otherwise identical icequakes, one icequake will need to be a full seismic magnitude larger in order to be detected at a different time during the same day.2) By prescribing constant false detection rates, measured seismicity changes 

may be unambiguously interpreted as representative of ‘true' seismicity changes 

rather than as changes in our ability to detect events. When both threshold detection magnitudes and event counts increase, this indicates an increase in seismicity. When threshold detection magnitudes and event counts decrease, this indicates a decrease in seismicity. However, in other cases, we cannot conclusively attribute changes in measured seismicity to true seismicity changes. A decrease in event counts coincident with an increase in threshold detection magnitudes may simply reflect a decrease in our ability to identify small events rather than a true decrease in seismicity. We recommend that other seismic investigations invoke a similar rationale to form a responsible interpretation of seismicity. That is, researchers 
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should consider variability in reliable detection magnitudes when interpreting event count variability.3) The 2dof detector generally outperforms the 3dof detector for this dataset. Namely, the 2dof detector finds more events, operates with less variability, and outputs smaller threshold magnitudes while maintaining the same predicted false alarm rate. The difference in detection capability between detectors points to one or more real-world phenomena. While we cannot conclusively identify the seismogenic physical processes, we make the following observations about their impact on measured seismicity. The 2dof identifies waveforms that the 3dof classifies as correlated environmental microseismicity. This difference in measured seismicity is more pronounced in the summer when such seismicity is diurnally variable, and we measure the largest inter-detector difference in the local early morning. The relative depression in 3dof-identified events is more pronounced at the land-based stations. Our observations suggest that this inter-detector discrepancy is driven by a seasonally active source that is tied to the daily solar cycle and localized off-glacier.4) Seismic energy detectors can reliably sample waveforms with source di

mensions equivalent to a linear scale depth of 1m or larger at 500m deployment 

distances in environmental conditions similar to that of Taylor Glacier's termi

nus region. During our experiment, the 3dof detector reliably triggered (probability ≥0.8) on icequake waveforms with sources equivalent in size to a fracture volume 0.04 m3 (or linear scale „1/3 m) under the most favorable detection conditions (lowest magnitude thresholds) and triggered with sources representing a fracture volume 1 m3 (or linear scale 1 m) under the least favorable noise conditions (largest magnitude threshold). These cumulative results suggest that fractures smaller than this size, which diurnally respond to environmental forcing in local summer months, comprise a component of the environmental microseismicity that we observe only indirectly.5) We observed opposite seasonal patterns in detection capability and vari

ability in detection capability between the two land-based and one on-ice station.
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At the on-ice station, we observe higher detection capability (lower threshold magnitudes) and less variability in detection capability in the summertime. At the land-based stations, we observe higher detection capability with less variability in detection capability during the wintertime. We suggest that if similar deployment site-related contrasts in seasonal detection capability exist in other glacial settings, researchers could consider strategic location of seismometers to exploit these contrasts.In summary, we highlight several ways to assess temporal variability in detection capability. This assessment is critical: interpretations of seismicity patterns rely on understanding temporal patterns in event detection biases. Constraining the limitations of our detection capability will allow us to better interpret the rich seismic dataset from Taylor Glacier as well as inform seismic investigations in other glacial∕periglacial environments.
4.7 Data and resources

The seismic data described in this study are available for public access through the IRIS Data Management Center [Pettit, 2013, www.fdsn.org/networks/detail/YW_2013]. Data from the Taylor Glacier meteorological station operated by the McMurdo Dry Valleys Long Term Ecological Research (LTER) Project is available for public access through the LTER website [Doran and Fountain, 2019, mcm.lternet.edu/content/high-frequency-measurements- taylor-glacier-meteorological-station-tarm-taylor-valley]. We provide a tutorial MATLAB script in the supplementary material that describes the main elements of our detectors; additional MATLAB tools are available upon request from joshuac@lanl.gov.
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Chapter 4 Appendix A — Detector parameter estimators and initializations
The 2dof and 3dof detectors use estimation strategies to obtain the 2 or 3 parameters to best fit an F -distribution to the data histogram (STA/LTA statistic). The F -PDF parameter estimators return parameter estimate sets that describe central F -distributions, corresponding to the null hypothesis. The specific F -distribution parameter estimators and parameter initializations are outlined below.

A.1 Two degree of freedom (2dof ) detector
The best-fit parameters for the 2dof detector are estimated by finding the values of NE 1 and NE 2 that minimize the L2 norm of the difference between the data histogram and discretized PDF:

N1E1 , N1E2 = 2BTN2E1, N2E2 =_ 2 N22, N1 (A2)N3E1, N3E2 = N1, N2,
where B is the bandwidth ([2.5 Hz, 35Hz] = 32.5Hz) and T = [Ts, Tl] is the duration in seconds of the short- and long-term windows. N1 and N2 are the actual number of samples in the short-and long-term windows respectively. The 2dof detector implements fminsearch.m to solve Eq. A1 with multiple initialization values for NE1 and NE2 (Eq. A2). The detector imposes the constraints that Nei ≤ N1 and Ne2 ≤ N2; the estimated number of independent samples in the short- and long-term windows cannot exceed the actual number of samples in 
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where fZ pz; H0q is the theoretical F -distribution of the STA/LTA statistic implemented using fpdf.m with 2 degrees of freedom (NE1, NE2 ) under the null hypothesis for the values defined by the Histpz q|92.75.5 bins. We implement three initializations for NE 1 and NE 2 :



the windows. We designate the best-fit parameter sets resulting from the three initializations 
as [ne1, nE2]', [ne1, nE2↑2 , and [ne1, nE2]3.
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A.2 Three degree of freedom (3dof ) detector
Similar to the 2dof detector, the 3dof detector operates by finding the best-fit F -distribution parameters that minimize the difference between the data histogram and the F-PDF. However, in contrast to the 2dof detector, multiple parameter estimators are considered. The first two parameter estimators impose constraints on the third degree of freedom (c), and the second two parameter estimators allow c to vary freely. In effect, the first two estimators include only 2 degrees of freedom while the remaining two estimators use 3 degrees of freedom. We nonetheless name this detector the ‘3dof' because the detector algorithm always considers a set of parameter estimators that includes the full 3 degrees of freedom. The first parameter estimator introduces a scaling factor. The data histogram is pre-scaled by the ratio of the actual number of samples in the short- and long-term windows (N 1{N 2). The F -PDF is scaled by the ratio of the estimated number of independent samples in the long- and short-term windows (Ne2/Nei), i.e., c = (Ne2/Nei). The resulting fit parameters values minimize the difference: 

where z1 = Nz, a scaled version of the STA/LTA statistic.The next parameter estimator (Parameter Estimator 2) assumes a scaling parameter of 1 and is therefore identical to that shown in Equation A1.We implement fminsearch.m to find the best fit parameters for Parameter Estimators 1 and 2 (Eqs. A3) using initialization parameters:
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Following Arrowsmith and others [2015], we add a third degree of freedom to the F - distribution for the third and fourth parameter estimators. The third degree of freedom accommodates temporally correlated environmental noise that has temporal correlation widths comparable to the short-term and long-term window lengths. Parameter Estimator 3 (Eq. A5) uses the same pre-scaled STA/LTA statistic (z1 ) as in Parameter Estimator 1; Parameter Estimator 4 (Eq. A6) uses the unscaled STA/LTA statistic as in Parameter Estimator 2.

The initialization parameters for Parameter Estimator 3 (Eq. A5) are:

The initialization parameters for Parameter Estimator 4 (Eq. A6) are the same, except the initialization value for c is the best-fit estimate resulting from Parameter Estimator 3 (Eq. A5) for c 
where subscripts like P3 denote parameters or parameter sets resulting from the specified parameter estimator. The detector imposes the constraint that 1 < Nei ≤ N1, and Ńe∣ < Ńe2 < N2 whenever the long-term window is at least four times the duration of the shortterm window (N2 > 4N1) to ensure that the norm-minimizing estimates are sensible, similar to the constraints imposed by the 2dof detector.
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The best-fit parameter set estimates resulting from the four parameter estimators as
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Appendix B — Estimation of non-centrality parameter λ
Both detectors provide post-detection estimates of certain waveform parameters that characterize the alternative PDF. In particular, our algorithm estimates the noncentrality parameter that shapes our empirical performance curves, which is related to SNR. Either parameter equivalently measures the energy of a waveform relative to concurrent noise that superimposes with environmental background seismicity. The algorithm's estimator calculates λ as λ [Kubokawa and others, 1993, Eq. 3.1]:

λand where SNR = —. Therefore, parameter λ is an estimate for a scalar λ that is pro- N1portional to an icequake waveform SNR, when that waveform is localized to the N1-sample duration of the STA/LTA detector's short-term processing window. We estimate SNR withSNR as:

where the denominator reduces bias relative to the alternative estimator SNR = —— when N1N1 is small (less than 10). Such bias originates when the STA/LTA detector trigger time precedes tS (Eq. 2) by several samples, and the icequake waveform only partially localizes in the short-term window.
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Appendix C — The equivalent crack source and detection rates
We estimate physical source properties of a cryogenic source from recorded Rayleigh wave data with a surficial crack model (see methods subsection ‘Relationship between detection capability and source size'). The far-field displacement u at ξ that is triggered by a very shallow seismic source (like a surface crack) is a product of an azimuthally independent vector gpξ , ωq and the source radiation pattern R [Aki and Richards, 2002, p. 328]

where radiation pattern R (φ) depends on trigonometric functions of the azimuthal angle
φ subtended between source and receiver position that are weighted by moment tensor components. The moment tensor for a vertically oriented surface crack of area A that islocated at ξ0 and that opens in tension a distance [u(ξ0)] in the radial direction at time t0is:

where spωq is the Fourier transform of the source-time function that describes the history of the crack-face displacement, the crack face is oriented perpendicular to the radial direction, and body wave speeds parameterize the elastic constants. The form of spωq that we use here represents the frequency domain description of discontinuity in displacement across a one-dimensional interface and is derived elsewhere [Denny and Johnson, 1991, Eqs. 8 and 13]. The Rayleigh wave radiation pattern is then [Aki and Richards, 2002, p. 328]:
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where the radiation pattern coefficients are:

Eq. C1 combines with Eqs. C2, Eq. C3, and Eq. C4 so that displacement u is (algebraomitted):

The azimuthally independent vector g(ξ, ω) is generally complicated in layered media. Glacial ice in ablation zones that lack a firn layer (e.g., Taylor Glacier) are approximately homogeneous half spaces at the range of frequencies we consider in this work. These frequencies are too high to substantially sample the deeper ice and subglacial bed, and too low to be scattered by any „1 m scale heterogeneities in the ice. When the near-surface ice of Taylor Glacier is considered an effectively homogeneous half-space at Rayleigh wave frequencies, then g(ξ, ω) takes a simple, non-dispersive form: (algebra omitted):

where er and ez are the orthogonal unit vectors in the radial and vertical direction in thecylindrical coordinate system with origin at the ice surface and j is √-1, not to be confused
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with index j used in the relative magnitude description in the main text. The new symbols in Eq. C6 are:

We now compute the frequency domain displacement energy ER (ξ, ω) = uτu (the signalenergy) from Eq. C5 and Eq. C7. We distinguish ER here from the instrument and bandpass filter corrected version of energy Er. The result for ER is (algebra omitted): 

where we explicitly factored the physically interpretable energy gained by opening a crack (ρA∣u(ξ0)lβ2) in Eq. C8 into two terms and group the remaining expression as ‘other terms', or O.T., to remain consistent with Eq. 9.
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We now describe how we compute attenuation, instrument response, and data preprocessing effects to compute ER. First, we model the anelastic attenuation of our seismicwaveforms with a Futterman-filter to include the physical effects of dispersive energy dissipation on signal amplitude, and multiply the right-hand side of Eq. C8 by exp f-ω∣∣ξ-ξo∣Λ
∖ QcR ) ,where Q is the surface wave quality factor and cR is Rayleigh wave speed. Second, we compute the instrument response for an L-22 and Q330 digitizer, multiply the predicted displacement by —jω to differentiate displacement to velocity, and multiply the cumulative data acquisition system response by the result. Next, we multiply the resultant velocity that now has units of counts by the response function of our bandpass filter. We then average this predicted velocity over azimuth φ. These cumulative effects are equivalent to multiplying ER by the amplitude response of three spectral factors (the attenuation response, the instrument response, and the bandpass filter), then integrating over azimuth. The cumulative effect of these factors implicitly defines I pωmin, ωmaxq but maintains the proportionality of the energy to the constant to A [u(ξ0)]'ρβ2. We finally compute Er by then integrating the frequency domain energy over frequency, and correct for sample interval. We thereby obtain Equation 10 and an analytical model for λ.
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Appendix D — Supplementary material
Our supplementary material further documents features discussed in our main article; we also provide a MATLAB tutorial that covers the main elements of our detector methods. The supplementary material for this article can be found at https://doi.org/10.1017/jog.2020.48.

D.1 Additional figures and discussion
Fig. 4D.1 depicts the daily seismicity as measured at station CECE by the two detectors during one summer (January 2014) and one winter month (May 2014), with the monthly mean seismicity for reference. During the summertime (Fig. 4D.1a,c), the mean seismicity has a diurnal pattern (thin black lines on sub-panels). Many, but not all, individual days within the month show a diurnal pattern (bold red or blue lines on sub-panels). During the wintertime (Fig. 4D.1b,d), the mean seismicity shows no diurnal pattern; instead, seismicity increases and decreases over multi-day time frames.Seismicity throughout 2014 at on-ice station JESS (Fig. 4D.2) is similar to land-based station CECE (Fig. 4.3) with diurnal summertime patterns and multi-day wintertime patterns. In general, more events per 15 minutes were recorded at JESS compared to CECE.Threshold magnitudes were both in phase and out of phase with fluctuations in wind (Fig. 4D.3) and air temperature (Fig. 4D.4), at least over the representative days we selected for comparison. Our wintertime data seem to suggest that sustained, elevated winds do elevate threshold magnitudes and thereby suppress our ability to detect smaller icequakes, but we concede that evidence for this wind influence is marginal. We therefore did not investigate the potential influence of meteorological variables in any further quantitative detail.
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Figure 4D.1: Seismicity detected by the 2dof (a, b: upper 2 blocks of sub-panels, red) and 3dof (c, d: lower blocks, blue) STA/LTA detectors during January 2014 (summer, left 2 blocks of sub-panels) and 1-30 May 2014 (winter, right blocks) at land-based station CECE. Horizontal scale on each subplot is one UTC day, with midnight and noon labelled on the lowest row in each block for reference. Vertical scale on each plot is events per 15 minutes. We plot all days with a maximum of 100 events per 15 minutes to show the daily seismicity more clearly but note that seismicity for two winter days (May 23 and 26 or day of year 143 and 146) partially plots above this limit. The title of each subplot is the day of year, and the red or blue line is the measured seismicity during that day. The thinner black line on each sub-panel is the mean daily seismicity, binned by time of day and averaged over one month (within each of the 4 blocks, the black line is the same on all daily sub-panels within the block). Grey boxes highlight the representative days selected for the infusion experiment. Missing days in January (January 28-29) are due to station maintenance and downtime and were not included in the mean seismicity calculations.
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Figure 4D.2: Seismic events per 15 minutes during 2014 at land-based station JESS as identified by the 2dof (thicker red line) and 3dof (thinner blue line) detectors. Data are smoothed with a 9-point, two-hour moving window with uniform weighting (e.g., the value for events per 15 minutes at 02:00 is smoothed using event counts per 15 minutes from the 9 points: 01:00, 01:15..., 02:45, 03:00). Note different vertical scale than Fig. 4.3
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Figure 4D.3: Similar to Fig. 4.6, but with icequake detection magnitude values plotted against wind speed, rather than event counts. Relative magnitude of infused events with 80% detection (red and blue curves, left vertical axes) and wind speed (black curves, right vertical axes) during 3 summer (a, c, e, 21-23 January 2014) and 3 winter days (b, d, f, 20-22 May 2014). Wind speed was recorded at the Taylor Glacier meteorological station [Doran and Fountain, 2019]. The thicker red curves are the 2dof detector 80% detection magnitudes, the thinner blue curves are the 3dof detector 80% detection magnitudes. Gaps in the curves indicate 15-minute windows during which the detector failed to identify 80% of the infused events at any magnitude within the tested range. On the left vertical axes, larger negative numbers (further from zero) correspond to smaller magnitudes, associated with better detection capability. Local solar noon time is labelled on all plots; UTC time (bold) is labelled in e, f only. The left vertical axes are expanded for plotting purposes, note the tested range for the 80% detection magnitude is [—2.5,0] psuedo-magnitude units.
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Figure 4D.4: Similar to Fig. 4D.3, but with icequake detection magnitude values plotted against air temperature (right vertical axis each plot), rather than wind speed. Air temperature comes from the 15 minute air temperature recorded at the Taylor Glacier meteorological station at 3 m (thinner grey curves) and 1 m (thicker black curves) above the surface [Doran and Fountain, 2019]. Note the temperature limits are different in the summer plots (—5 to 
'5°C) than in the winter plots (—30 to —20°C).
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D.2 Tutorial code
We provide script_Carr2020_1.m as a stand-alone MATLAB script for function 

staLtaStat.m that detects signals in temporally correlated data and finds PDFs that fit these data. We use three channels to match the paper and do not use real data. This script is for tutorial purposes and is intended to introduce concepts of statistical signal detection to the reader.
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Chapter 5: Conclusions
Fracture propagation and transport of fluids (meltwater, seawater, brine) through cold ice have critical implications for glacier dynamics in settings as varied as ice shelves, polar outlet glaciers, and ice streams. Meltwater-driven surface crevassing has led to breakup of ice shelves, and punctuated delivery of surface water to the bed of cold outlet glaciers and ice streams has caused measurable speed-up events. Taylor Glacier is an optimal location to study fracture and fluid transport through cold ice as the Blood Falls feature provides a connection into the englacial and subglacial realms. The persistence of the hydrologic system at Blood Falls contrasts with traditional notions of cold glacier hydrology. The brine system at Taylor Glacier represents an important modern terrestrial analog for extraterrestrial environments as well as for past environments on Earth [Mikucki and others, 2009], and reflects interacting biogeochemical components and a hydrological system that links an extensive subglacial brine reservoir, proglacial Lake Bonney, and Taylor Glacier.The mystery of the triggering mechanism for Blood Falls brine release events remains unsolved, and the search for a definitive seismic signature associated with brine release continues. However, the research presented in this dissertation points to some possibilities for how the brine system might operate, as well as raising questions for further investigation.I presented three studies in this dissertation, each of which was written in collaboration with coauthors. In the first study, we compiled an extensive set of observations of the Taylor Glacier terminus area with a focus on brine icing deposits at and near Blood Falls. In order to interpret and provide confidence assessments of our interpretations, we developed a framework to evaluate observation quality and observation date reliability. Using this confidence assessment framework, we evaluated each summer season as containing evidence for the presence or absence of brine icing deposited since the prior summer season. We also documented evidence for an alternate theory for the small advance of part of the Taylor terminus observed in the late 20th century.

289



Our compilation includes two new brine release events that we identify with medium or high confidence; we believe we used evidence unavailable to previous Blood Falls researchers for these seasons. We also suggest different interpretations for two seasons for which we examined similar evidence as previous researchers but came to a different interpretation. Namely, we interpreted that the icing deposits observed those seasons had been formed since the previous summer, while prior researchers interpreted the deposits as remnant deposits from more than a year prior to observation. Time-lapse imagery collected and described in the second study informed our interpretation of how the icing deposits evolve through time.In the second study, we documented a wintertime brine release that began in mid-May 2014. We tested a hypothesis that elevated Rayleigh wave activity would precede or coincide with the brine release; however, we did not find evidence to support such an increase. Instead, we found a pattern of surface-wave seismicity dominated by a seasonal signal, with more events during the melt season than in the wintertime, though Rayleigh-wave events are identified year-round.The wintertime brine release event we documented occurred well outside the melt season. This indicates that meltwater-driven fracture from the glacier surface likely did not play a role in connecting the subglacial brine source to the surface, as had been hypothesized in a prior study [Carmichael and others, 2012]. From previous studies, we know that hydraulic gradients driven by surface topography route brine towards the Blood Falls region of the terminus [Badgeley and others, 2017]. We propose that hydraulic fracturing opens basal crevasses that propagate upward; when these propagate far enough to join with the preexisting surface crevasse network, brine release occurs.In the third study1, we evaluated two different seismic event detectors; both identified seismic events using ratios of short-term average to long-term average (STA/LTA) seismic energy. Subtle changes in the underlying probability distribution used to identify how large the ratio must be in order to be classified as a seismic event resulted in seismicity time series 
1Carr and others [2020]
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with distinct characteristics. Namely, we observed a seasonally-present, diurnal increase in the number of events identified by one detection algorithm compared to the other. We assert that the difference in seismicity detected by these algorithms is microseismicity near the detection limits, which one detector identified as events and the other classified as background noise.One intriguing finding from comparing the results of the two seismic studies is that the volumetric crack opening sizes representing the smallest events identified by the different detection algorithms are similar. Theory predicts that waveform correlation detectors (e.g., the Rayleigh wave detector in Chapter 3) should detect smaller events than energy detectors (e.g., the STA/LTA detectors in Chapter 4) that provide no prior constraints on what the detected waveform might look like [Carmichael and Nemzek, 2019]. Under the STA/LTA detection strategy, minimum event sizes identified at the on-ice station corresponded to volumetric openings ranging from 0.04m3 during the summer to >1 m3 during the winter for the few days tested (3 days each season, land-based stations not included in the analysis). Under the Rayleigh-wave detection strategy the minimum event sizes corresponded to volumetric openings ranging from about 0.3m3 for the land-based stations to >0.75 m3 for the on-ice station for the same three winter days (the summer days were not tested). However, for around 30% of the windows tested at the on-ice station, the threshold event size exceeded the maximum in the test range (2.6m3). In detail, the methods of how minimum events sizes were determined in the two studies preclude a strict quantitative comparison. However, we can compare these sizes to crack-generating processes we know occur in the environment to surmise that thermally-driven cracking at the surface of the lake, glacier, and frozen sediment probably drives much of the observed seismicity identified by all our seismic detectors.In the course of the seismic studies, we found no definitive seismic signal we could associate with the onset of brine release. We propose that this is because of one or both of the following: 1) crack opening associated with brine release may be aseismic or effectively so within our experimental design (smaller events than our detection limits); and 2) envi
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ronmental microseismicity (e.g., thermal cracking) may mask any signal we might observe if the background environment were seismically quieter and/or less temporally variable. From the historical records as well as the winter 2014 brine release documented in Chapter 3, it is clear that any proposed mechanism for brine release must not rely solely on seasonal factors (i.e., meltwater) because surface brine releases occur during all2 seasons.

2 We have not confirmed a brine release during autumn (the month of March according to the climatology
based seasonal classification of Obryk and others [2020]); however, we found no historical observations of the 
Taylor terminus during March for any years included in the scope of Chapter 2. The only March observations 
we used in any of our research comes from the time-lapse photos and seismic data collected in March 2014. 
In Chapter 2, we document evidence for brine releases occurring during spring, summer, and winter months.

Two future research directions are suggested based on unanswered questions raised by the results of our seismic experiments. First, we found a large population within the detected Rayleigh-wave seismic events with nearly identical event durations. These events are detected year-round and at all stations. Preliminary waveform stacking indicates a high inter-event coherence, consistent with a repeating source (seismic ‘multiplets', Carmichael and others [2012]). Proposed future research includes identification of the source location and driving factors of this mysterious seismicity. Second, it is quite clear that wind strongly influences the seismic data based on preliminary spectral analysis presented in Chapter 3, Appendix B.3. We suspect that wind events drive some of the observed seismic activity because of the correlations between strong wind events and temperature. Wind is known to drive dramatic temperature fluctuations in the Dry Valleys, and observers in the valleys have long noted the correspondence between temperature changes and audible thermal cracking events. Further research is needed to explain how wind may generate seismicity in this environment through other (non-thermal) mechanisms, such as surface tilting. An intriguing possible connection between wind and subaqueous brine release is described by Lawrence and others [2020]: thermal anomalies in the lake consistent with brine release were found to occur shortly after strong katabatic wind events. Proposed future research includes investigation of wind-driven seismicity, and how this may relate to brine movement in the system.
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