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ABSTRACT 

Ellesmere Island, in the Canadian Arctic, and adjacent sea were covered by ice 

during the Last Glacial Maximum (LGM, 20-10 ky ago). Postglacial rebound rates, indic

ative of ice sheet configuration, glacial and deglacial chronologies, and rheologic proper

ties of the underlying mantle, were determined for Makinson Inlet using a new approach 

based on in-situ accumulation of cosmogenic 36Cl. 

Surface and subsurface gravel samples were collected from fourteen paleobeaches 

at elevations between the sea level and the Holocene marine limit at ca. 105 m a.s.l. 

Apparent 36Cl ages range from ca. 4 to 13 ky and corrected 36Cl ages (in calendar years) 

range from 10 ky to recent. Corrected 36Cl ages agree with 14C ages of organic material 

from the same paleobeach sequence. Instantaneous uplift rates decrease from the high of 

42 m ky- 1 at the beginning of emergence 10 ky ago, to less than I m ky- 1 today. 

These results show the applicability of the cosmogenic 36CI exposure dating 

method in studies of postglacial emergence. The ability to date inorganic surficial materi

als has two main advantages: (1) the approach may be used on any material, such as rocks 

and sediments, that has been exposed at the surface due to isostatic rebound; and (2) an 

arbitrarily large number of samples can be collected at the same location, thereby provid

ing the means of constructing a high-resolution record of exposure and isostatic emer

gence. 
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1.0. Introduction 

The study of glacial isostasy is valuable in the determination of glacial history 

from the pattern of glacial isostatic rebound. For nearly a century, isostatic response of the 

crust to glacial unloading has aided in identifying the former centers of Canadian ice 

sheets (Andrews, 1989). Glacio-isostatic rebound rates are indicative of ice sheet 

configuration, glacial and deglacial chronologies, and rheologic properties of the mantle 

below. Defining the limit of the last glaciation relies heavily upon the dating and 

interpretation of coastal landforms related to ice margins (Bednarski, 1995). The 

relationship between changes in sea level and glaciation has been well established. The 

combination of eustatic sea level changes resulting from the growth and decline of ice 

sheets, and isostatic depression and rebound of the crust can result in a complex history of 

relative sea level in formerly glaciated areas (Liverman, 1994). Emergence curves are 

used to correlate the age of a specific landform with its elevation today, thus showing the 

crust's isostatic response with time. They have been constructed using 14C ages and 

elevations of raised beaches and marine limits. Though radiocarbon is a precise dating 

method, there is geologic uncertainty in relating the dated material to land elevations. 

We have tested a new approach to dating features produced by emergence. It is 

based on the accumulation of cosmogenic 36Cl in paleobeaches gradually exposed at the 

surface as a result of post-glacial rebound. The ubiquitous nature of the rocks and 

sediments that can be dated by this method allows an arbitrarily large number of samples 

to be collected at specific elevations. The result is a high-resolution record. Combining 

36Cl and 14C dating may permit the construction of both precise and accurate records of 

glacio-isostatic rebound and, therefore, better calculation of the instantaneous rebound 

rates. 
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In this report, 36Cl is used to determine surface exposure ages of Holocene beaches 

and to examine the rate of isostatic rebound for Makinson Inlet, eastern Ellesmere Island, 

Northwest Territories, Canada. Twenty-seven carbonate rock samples were dated with 

36Cl to determine their ages. These ages were used with the corresponding elevations of 

the samples to construct and emergence function for Makinson Inlet. Instantaneous 

emergence rates were derived by differentiating the emergence function. Our results are 

compared to a previous study in Makinson Inlet (Blake, 1993) and found to correlate well. 

1.1. Isostatic rebound 

The principle of isostasy lies in the idea that the earth's crust is in floating 

equilibrium with the more dense mantle below. The crust behaves much like an iceberg. 

An iceberg, which is slightly less dense than water, will sink in the water until it displaces 

a volume of water that equals its total weight. At equilibrium, only about 10% of the 

volume of the iceberg is above the water surface. If ice above the water level melts, the 

iceberg will rise to maintain the same proportion of ice above and below the water. The 

crust behaves like an iceberg in that it sinks into the mantle to its equilibrium level; it will 

sink deeper if loaded, and will rise with the load removed (Monroe and Wicander, 1995). 

Growth of continental ice sheets causes land subsidence in response to ice loading. 

As ice builds up, the ice sheet develops a dome-like profile and may achieve thickness of 

3000-4000 m. Loading due to a continental ice sheet will depress the crust beneath the ice 

mass by an amount as much as one-third the thickness of the ice dome (Pethick, 1984; 

Selby, 1985). The ice load effect extends from the edge of the ice sheet for hundreds 

kilometers, and beyond that the flow of mantle rock from beneath the ice-loaded crust 

causes an upward bulge, or forebulge, of a few meters to a few tens of meters. Unloading 
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of the crust through the melting of the ice sheet will cause the crust to respond by rising 

upward until an equilibrium is attained. This response is called isostatic rebound (Figure 

l ). Initial rates of isostatic rebound are rapid; with time, the system gets closer to 

equilibrium and the rate of uplift decreases. Initial rates are in the range 20-100 m ky- 1 ( l 

ky = 1000 years). Uplift will continue for several ky after all ice has melted due to the low 

elasticity of the material below (Selby, 1985). Today, rebound continues in formerly 

glaciated areas such as Scandinavia at rates up to 10 m ky- 1 (Selby, 1985; Monroe and 

Wicander, 1995). 

GLACIAL TIMES 

Depression 

Ice Sheet i 
i Isostatic Depression 

Mantle Flow 

POST GLACIAL TIMES 

Isostatic Uplift 

"1_~--~ -

Mantle Flow 

Figure 1. Isostatic depression by ice load and subsequent crustal rise after retreat of ice 
sheet (after Selby, 1995). 
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1.2. Eustatic sea level changes 

All coastal areas have experienced sea-level variation within the past 10 ky. These 

changes have been on the order of 100 m and still continue at present, at a worldwide 

average of 25 cm ky- 1 (Pethick, 1984). Sea level changes may be attributed either to 

eustatic or local changes. Eustatic refers to changes in the absolute elevation of the ocean 

surface. Local or isostatic changes are changes in the elevation of the land surface. Since it 

is difficult to differentiate between eustatic and local changes, the term relative sea level is 

commonly used in reference to sea level change. Relative sea level is the level of the sea 

with respect to land at a given locality. If isostatic change is greater than eustatic change, 

there would be a negative change in relative sea level. Conversely, if eustatic change 

dominates, there will be an observable rise in sea level at that location. 

Glacio-eustasy is the main mechanism of sea level change. It refers to the changes 

in ocean water volume due to the deposition of ice onto the land surface during glacial 

periods. Seawater is lost through precipitation as snow during glacial periods, thereby 

accumulating water on land and causing the global sea level to drop. During interglacial 

periods, the reverse occurs. Ice melts returning water to the oceans, resulting in a global 

sea level rise. During Pleistocene glaciations, more than 70 million km3 of snow and ice 

covered the continents (Monroe and Wicander, 1995). Calculations suggest that during the 

last glacial period, ice volumes would have caused the global sea level to be 105 to 123 m 

below present sea level (Pethick, 1984 ). If the continental ice within the Arctic and 

Antarctic ice sheets melted, the sea level would rise by approximately 60 m (Pethick, 

1984; Selby, 1985; Monroe and Wicander, 1995). 

The end of the last glacial period, -12 ky ago, resulted in a massive and rapid rise 

in eustatic sea-level. The general form of the Holocene sea-level curve is asymptotic, 
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showing an initial rise of about 10 m ky- 1 then slowing to 20-30 cm ky- 1 at 7-5 ky ago. 

Whereas there is little controversy about this general trend, there are questions regarding 

the details of the overall Holocene transgression (Pethick, 1984). These problems arise 

from the difficulty of separating eustatic and local effects and are seen in the varying 

oscillations within the sea level curves. There have been attempts at constructing a solely 

eustatic sea level curve by studying areas considered to be tectonically and isostatically 

stable. For instance, Fairbanks (1989) constructed a 17-ky glacio-eustatic sea level curve 

based on 14C dating of coral reefs and oxygen isotope chemistry offshore of Barbados 

(Figure 2). Barbados is located in the western tropical Atlantic where relative sea level is 

least affected by isostatic effects of melting of the Northern Hemisphere ice sheet and the 

tectonic uplift of approximately 34 cm ky- 1 is known and is taken into account. 
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20 

40 
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80 • • 
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Figure 2. Barbados sea level curve based on 14C dated marine shells. All 14C dates are 
corrected for local seawater ~ 14C, but are not corrected for secular changes in 
atmospheric 14C levels. The data are also corrected for the estimated mean uplift of 34 cm 
ky- 1. After Fairbanks (1989). 
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1.3. Formation of raised beaches and the marine limit 

There is a time lag between deglaciation and crustal response. Since the crustal 

response is not instantaneous, coastal features will form at high levels on the still 

depressed land. Once isostatic rebound commences, these coastal features are lifted up 

with the rising land surface to form raised beach and shoreline features and form a record 

of relative sea level changes (Figure 3). 
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Figure 3. Formation of raised beaches ( after Pe thick, 1984 ). 

Extensive raised beach sequences provide a record of the response of the 

lithosphere to glacial loading and unloading. Beach deposits contain datable material, 

such as shallow-water mollusks, salt marsh peat, wood and bones. This material can be 

used to determine the elevation of sea level at the time when they were formed. Glacial 

isostatic evidence from Canada is nearly entirely restricted to beaches and shoreline 

features which largely document the last deglaciation; evidence of earlier glaciations was 

obliterated by subsequent glacier advances (Andrews, 1989). 
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Data derived from paleobeaches are vital in determining the Quaternary dynamics 

of Canada, but the marine limit is probably the single most useful piece of information. 

The marine limit serves as a fundamental stratigraphic marker in deglacial studies and is 

used as the basic datum from which to discuss glacial isostatic rebound and late glacial 

history (Andrews, 1989). The marine limit was formed in succession with ice retreat in 

areas that were within the maximum limit of former ice sheets. The marine limit is not 

synchronous and elevations on it do not portray the time-dependent form of glacial 

rebound (Andrews, 1989). For example, the age of the marine limit associated with the 

last deglaciation varies across Canada from ca. 14 ky to 5 ky. 
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2.0. Study area 

2.1. Location 

Ellesmere Island is located within the Baffin Region of the Northwest Territories, 

Canada, in the Arctic Ocean. Located off the northwestern coast of Greenland, Ellesmere 

Island forms part of the Queen Elizabeth Islands archipelago. 

Baffin 

Bay 
0 100 200 

km 

Figure 4. Location of Ellesmere Island and Makinson Inlet in the Canadian High Arctic. 
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The Queen Elizabeth Islands comprise an area of about l.3x106 km3
. Ellesmere 

Island is approximately 740 km long and 480 km wide (Bradley, 1990). The island is 

mountainous with some peaks reaching elevations greater than 2740 m. Makinson Inlet, 

located on the eastern coast of Ellesmere Island, lies within the Arctic Platform structural 

province. This region consists predominantly of unfolded carbonate and elastic rocks. The 

largest fiord along the coast of northern Baffin Bay, Makinson Inlet extends for almost 100 

km from its mouth in Smith Bay to the head of the north arm. Elevations of the plateau 

surface developed on the Paleozoic rocks around inner Makinson Inlet rarely exceed 500 

m a.s.l. (Blake, 1978). 

2.2. Climate and paleoclimate 

Modem climate has been described as polar desert or semi-desert and the area is 

extremely arid (Bradley, 1990). Recent climatic data are sparse, collected by observation 

stations at coastal, low elevation sites such as Eureka and Alert. Average annual 

precipitation over the entire archipelago is less than 17 cm. Though rainfall is not 

uncommon, the bulk of precipitation is in the form of snow. For much of the year, 

temperatures are well below 0°C with annual mean day temperatures ranging from -16 ° 

to - l 9°C. Precipitation and temperatures increase from northwest to southeast from the 

Arctic Ocean towards Baffin Bay in a climatic gradient. Southeast Ellesmere Island 

receives more than 30 cm per year of precipitation while areas to the north and west 

receive less than 7 cm ky- 1 (England, 1996). Mean July temperatures are also higher in the 

southeast, but the highest mean July temperatures (>8°C) are recorded in west-central 

Ellesmere Island, due to the effects of continentality (Bradley, 1990). Northern and 

northwestern Ellesmere Island have mean summer temperatures less than 2°C and a 

persistent cloud cover. 
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The paleoclimatology of the area is not well known. Sources of paleoclimatic data 

are limited to a few equivocal types of record, most of which are interpreted as proxies of 

summer temperature (Bradley, 1990). Climate records have been constructed through ice 

cores, lake sediments, peat growth episodes, driftwood frequency, glacial deposits and 

glacio-isostatic evidence. Ice cores and lake sediments provide a continuous record, but 

may be difficult to interpret as meltwater may percolate down to contaminate the dry 

accumulation of preceding years. Bradley (1990) surveyed data from all of these sources 

and summarized the general trends of past climate in the Queen Elizabeth Islands. These 

sources indicate that the early to mid-Holocene climate was characterized by temperatures 

similar to, or higher than, temperatures prevalent for much of this century. The mid

Holocene warm period (4-6 14C ky ago) is suggested by the high occurrence of driftwood, 

maximum pollen concentrations in the Agassiz Ice Cap ice cores, and maximum 8180 

values in the Devon Island Ice Cap ice cores. However, there is evidence that the warmest 

period may have been even earlier. This is supported by glacio-isostatic information 

indicating the start of deglaciation by the beginning of the Holocene (ca. 10 ky ago) with 

maximum uplift occurring between 7 to 8 ky ago. A warm early Holocene is also 

suggested by deglacial marine sediments in Clements Markham Inlet. Warmer 

temperatures in the early Holocene would mean that the mid-Holocene was a continuing 

warm period, rather than the start of warming. Glaciers readvanced between 3 and 1 ky 

ago. This readvancement was accompanied by a pronounced decline in 8180 values in ice 

cores from both the Agassiz Ice Cap and Devon Island Ice Cap indicating that summer 

temperatures declined significantly in the last 3.5-0.5 ky. The lowest temperatures of the 

Holocene occurred 100-400 years ago when glaciers reached maximum postglacial 

positions within the last few hundred years. Overall, years 1550-1900 may have been the 

coldest period in the entire Holocene. Since about 1925, summer temperatures have been 

high compared to the rest of the late Holocene. These warmer temperatures are marked by 
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exceptionally high melt percentages, negative mass balance within glaciers, and the retreat 

of glaciers. 

2.3. Glacial history of Ellesmere Island 

Previous research has focused on elevations of raised marine landforms, 

determination of marine limits and sea levels at specific times, and delimiting 

synchronous shorelines. These studies have used 14C dating to determine relative sea level 

curves and rates for postglacial emergence. The extent of the last glaciation is 

controversial and two models exist. The minimum model (England, 1976) represents the 

view that ice cover was restricted to land areas, and calls for a "full-glacial" sea between 

Arctic islands, Greenland and Ellesmere Island (England, 1983). The maximum model 

(Blake, 1970) represents the view that there existed extensive ice sheets on continental 

shelves as well as on land, and that the large ice shelves formed in polar seas. The 

maxim um model proposes the existence of an Innuitian Ice Sheet coalescing with the 

Greenland and Laurentide Ice Sheets. 

This controversy over the Innuitian Ice Sheet partially manifests itself in the 

explanation of the high raised beaches located throughout the Queen Elizabeth Islands. 

This zone of greater postglacial emergence extends northeastward from Bathurst and 

Cornwallis islands to west central Ellesmere Island (England, 1990). The elevation of the 

marine limit throughout most of Ellesmere Island is > 100 m a.s.l. (Bednarski, 1995; Bell, 

1996; Blake, 1992, 1993; England, 1978, 1990, 1992, 1996, 1997). After correlating 

raised shorelines based on the age of pumice, Blake ( 1970) proposed that an extensive 

pan-archipelago Innuitian Ice Sheet covered the area. Other evidence that led Blake to this 

opinion were bathymetric data indicating that there existed basins up to 920 m deep. 
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Basins this deep were likely formed by the modification of pre-existing river valleys by 

intense glacial erosion. Tushingham ( 1991) modeled the emergence data of Ellesmere 

Island and also concluded that a continuous ice sheet would be required to result in such 

magnitude of uplift. 

In opposition to Blake, England ( 1990) suggests that the last glaciation was 

spatially restricted in the form of the Franklin Ice Complex. England ( 1990) also suggests 

that the upland ice fields were constrained by severe aridity during the last glaciation, 

resulting in this discontinuous ice cover. In support of the Franklin Ice Complex, England 

( 1978) states that the outermost Ellesmere Island glacial deposits represent an early phase 

of late Wisconsin glaciation, while the Hazen moraines represent a standstill or readvance 

that interrupted general late Wisconsin glacial recession. With respect to the high marine 

limits, England attributes the land depression and subsequent rebound to a composite load 

from the Franklin Ice Complex and the adjacent Laurentide and Greenland ice sheets 

(Hodgson, 1989). However, according to Tushingham 's ( 1991) analysis, a substantial 

amount of residual uplift, possibly tectonic in origin, would be required to produce the 

observed uplift. Further, the tectonic movement would have to mimic the exponential 

behavior characteristic of emergence functions. England has also concluded that a full 

glacial sea occupied most of the fiords and interisland channels of the high Arctic 

throughout the last glaciation based on glacial geology and glaciomarine stratigraphy 

(Evans, 1990). Recently, Zreda et al. ( 1999) used 36Cl to date samples from islands within 

Nares Strait, between Greenland and Ellesmere Island. Their results demonstrated the 

expansion of the Greenland ice sheet and confirmed the presence of ice in Nares Strait 

between 23 ky and 10 ky ago, thus supporting the concept of the Innuitian Ice Sheet. 
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Denton and Hughes ( 1981) present the following de glacial sequence in the Queen 

Elizabeth Islands that presumes the existence of the Innuitian Ice Sheet. This chronology 

assumes that the oldest marine shells near the marine limit closely post date the ice 

recession and ignores the possibility of inter-island channels being occupied by ice shelves 

after this retreat. The earliest deglaciation took place in the west, followed by deglaciation 

in the north and east. By 10 ky ago, many western portions of the Queen Elizabeth Islands 

were ice free. Retreat of the central and eastern portions of the ice sheet occurred rapidly 

afterwards. The southern portion of the channel between Ellesmere Island and Greenland 

was open by 9.8 ky ago and most interisland channels by 9 ky ago. Subsequently, the 

remaining large channels and smaller fiords were deglaciated. 

As previously discussed, removal of ice loads results in elevated marine limits and 

beaches. Many studies throughout Ellesmere Island have reported marine limits at 

elevations from 30 m to 148 m above sea level (Bednarski, 1995; Bell, 1996; Blake, 1978, 

1992, 1993;England, 1978, 1990, 1992, 1996, 1997;Evans, 1990;andHodgson, 1985, 

1989). Using 14C dating of organic materials found in raised features, emergence curves 

have been constructed for Ellesmere Island. Studies by England (1990, 1992, 1996, 1997) 

and Bell ( 1996) suggest that initial emergence proceeded very slowly and was followed by 

a period of rapid emergence which later declined. England ( 1996) claims that these curves 

are typical for areas located outside of the last ice margin. Emergence curves constructed 

by Bednarski (1995), Blake (1992, 1993), and Hodgson ( 1985) show high initial rates of 

emergence, up to 70 m ky- 1, with an exponential decrease with time. These curves follow 

the form predicted by Andrews et al. ( 1978) for areas formerly underlying ice sheets. 

Blake ( 1992) points out that the slow initial emergence predicted by England and Bell 

would be highly unlikely because slow initial uplift would not be recorded by marine 

shells since glacier ice would still exclude the sea from impinging upon the land. Further, 
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3000-year interval when sea level is known to be rising rapidly. 

2.4. Makinson Inlet 

23 

Evidence for past glaciation in Makinson Inlet is present in the form of erratic 

boulders, striated rock surfaces, and marginal channels, but most dominantly as well 

developed raised beaches (Blake, 1978). Makinson Inlet is an excellent example of what 

has been termed selective erosion. Selective erosion is characterized by valleys in which 

an immense amount of scouring has taken place along pre-existing drainage lines while 

adjacent upland areas show little or no sign of glacial erosion (Blake, 1978). The presence 

of raised beaches in Piliravijuk Bay was first noted in 1937 by Bentham, and Christie 

collected the first shells for 14C dating in 1960 (Blake, 1993). Based on the presence of 

shell fragments and rounded cobbles, Christie noted the marine limit at -103 m (Blake, 

1993). The Holocene marine limit is assumed to lie at or above the top of an unbroken 

flight of beaches at -103 m in Piliravijuk Bay, the west arm of Makinson Inlet (Hodgson, 

1985; Blake, 1993). Blake (1993) presented an emergence curve for Piliravijuk Bay which 

predicts an initial emergence of 32 m ky- 1• 
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3.0. Cosmogenic 36Cl dating method 

Cosmogenic isotopes produced in surficial rocks (in-situ cosmogenic isotopes) are 

used to study exposure history of the earth's surface. Cosmogenic 36Cl allows the direct 

dating of geomorphic surfaces by measuring how long they have been exposed to cosmic 

radiation (Zreda and Phillips, 1994 ). It is one of several new cosmogenic dating methods 

developed in the last decade (e.g., Cerling and Craig, 1994; Lal, 1991). This method relies 

on the in-situ accumulation of 36Cl produced by reactions of cosmic-ray neutrons and 

muons with three main target nuclides: 39K, 40ca, and 35CI. The production rate of 

cosmogenic 36Cl in surface materials is proportional to the local cosmic-ray intensity and 

to the concentrations of the target nuclides (Zreda and Phillips, 1994). Assuming a 

constant cosmic-ray flux, the concentration of accumulated cosmogenic nuclides within 

surficial rocks can be used to measure the time the surface has been exposed. The 

accumulation of cosmogenic 36Cl is a function of production rates and radioactive decay. 

Initially, the rate of buildup is rapid, then it decreases with time until a steady state is 

reached in which cosmogenic production equals radioactive decay (Zreda and Phillips, 

1994). Taking paleobeaches described in this thesis as an example, when a beach is lifted 

above sea level, its sediments are exposed to cosmic radiation that results in the 

production and accumulation of 36CI. The longer the beach is exposed, the larger the 

accumulation and hence, the older its calculated 36Cl age. 

Several nuclear reactions can produce cosmogenic isotopes. Spallation reactions 

are due to fast secondary neutrons, neutron activation reactions are due to thermal 

neutrons, and muon capture reactions are due to negative muons (Ceding and Craig, 

1994). Two important production mechanisms within rocks in the top two meters of the 

earth are spallation and neutron activation. Spallation is a collision of a highly energetic 
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cosmic-ray neutron with a nucleus (Kurz and Brook, 1994 ). As a result, the nucleus is 

shattered into fragments and nuclides with smaller atomic numbers are produced (Cerling 

and Craig, 1994). Spallation produces significant amounts of 36Cl in samples with high K 

or Ca contents. Thermal neutron activation is a reaction in which a 35Cl atom captures a 

neutron to become 36CI. Neutron activation is significant in samples with high Cl content 

and/or low K and Ca content. Production by thermal neutrons varies with depth as a 

function of the chlorine content (Figure 5). The production rate of 36Cl in rocks with high 

Cl and low Kand Ca concentrations has a maximum at -20 cm, while that in rocks with 

low Cl and high K and Ca contents decreases approximately exponentially with depth. 
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Figure 5. Subsurface production rates as a function of total chlorine content,for the same 
concentration of Kand Ca. 

Surface exposure dating involves many important assumptions (Kurz and Brook, 

1994; Zreda and Phillips, 1994 ). ( l) The local production rates must be known if absolute 

ages are to be determined. (2) The rocks were placed instantly at the surface and have 

remained in a stable position since their deposition. (3) The rocks have not been shielded 
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from cosmic radiation. Shielding by soil, snow, or ice may affect buildup significantly, 

and, thus, the calculated apparent age. (4) The sample has not undergone any chemical or 

physical weathering. Water is a major agent of weathering processes and could transport 

dissolved chlorine with its own isotopic signature into the rock. Physically eroded surfaces 

would have underestimated or overestimated ages, depending on the chemical 

composition. (5) The sample has not been previously exposed to cosmic rays. Prior 

exposure would result in overestimation of the cosmogenic age. 

3.1. Prior exposure problem 

A previous exposure history is a potential problem, especially for redeposited 

samples, such as flu vial deposits. In the case of paleobeaches described here, elastic 

material may have been exposed to cosmic rays, perhaps in a rock outcrop or during 

transport, before the final deposition on the beach. In addition, if the material is gradually 

exposed, for example due to isostatic rebound, it may experience some subsurface or 

subaqueous production. Subsurface production is due to the ability of cosmic rays to 

penetrate matter; it occurs to depths of a few meters. In the case of paleobeaches, rapid 

initial uplift as described for Ellesmere Island would mean that subaqueous production 

would be insignificant for the older, higher beaches. However, the younger beaches 

emerge more slowly and are exposed to cosmic rays penetrating beneath the water surface. 

As a result of this gradual exposure, the samples begin 36Cl accumulation before they 

reach the surface and therefore give an older apparent age. Figure 6a shows a hypothetical 

raised beach sequence. Each beach began beneath the water surface and was gradually 

exposed to cosmic rays, starting a few meters beneath the water surface. At each level a 

proposed uplift rate is presented as well as the number of years that accumulation would 

occur before the sample begins surface exposure. For simplicity, subsurface production is 
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assumed to be the same as surface production. Figure 6b shows how this exposure would 

affect the apparent 36CI ages. 
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3.2. Uncertainty associated with 36Cl dating 

The overall uncertainty in 36Cl exposure ages is due to both random and 

systematic errors. The random errors are due to the analytical uncertainties in the 

measurement of the 36CVC1 values and the elemental analyses. Systematic errors include 

the selection of the production coefficients, latitude and elevation corrections, and secular 

variation in production rates. 

Uncertainties for 36CVC1 measurements range from 5% to 25%, usually about 

10%. Analyses of other geochemical parameters contribute an additional 3% to 5% to the 

overall uncertainty (Phillips et al., 1997). The largest systematic error lies in the estimate 

of production rate coefficients. Several studies have attempted to determine production 

coefficients with results that differ by up to 30%. For example, Phillips et al. (1996) 

determined 36Cl production coefficients for spallation reactions on K and Ca. These 

results agreed within 15% of those calculated by Masarik and Reedy (l 995), but were 

about 30% higher than those of Stone et al. (1996) and 15% lower than coefficients 

determined by Evans et al. (1996). Phillips et al. (1996) used a large number of samples of 

differing ages taken from 15 different locations while other studies used single locations 

and/or a small number of samples. It is possible that locality-specific factors introduce 

significant error. Likewise, the averaging of scaling factors and geochronological controls 

over wide geographical and temporal ranges could result in imprecise coefficients 

(Phillips et al., 1997). Combined, random and systematic errors, contribute to a total error 

which is probably less than 15% for studies in which multiple samples per surface are 

analyzed (Phillips et al., 1997). 
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4.0. Comparison of 14C and 36Cl dating methods 

Land emergence curves are constructed by dating marine shells, bones, and 

driftwood from known elevations above sea level. The dating and reporting of the ages of 

samples associated with raised marine units has posed many problems for previous 

research studies that relied on 14C dating of organic material. Advancements in accelerator 

mass spectrometry for dating purposes have made it possible to measure low levels of 36Cl 

in small samples of rocks and sediments. 

4.1. Carbon-14 dating 

The first problem associated with 14C dating is the lack of datable materials. Blake 

(1992) noted that in some areas, driftwood was sparse. He attributed this to the possibility 

that paleo-eskimo people gathered the wood for burning. Marine mammal bones and tusks 

may be scarce in raised marine deposits, possibly also a result of use by the paleo-eskimo 

people (Blake, 1992). Many emergence curves presented in current research are based on 

a small number of samples. For example, consider the curves of Bell (1996) and England 

(1992) presented in Figure 7. Whereas Bell (1996) has many data points above 60 m, there 

are only three at lower elevations with which to constrain his curve. England (1992) 

attempts to construct a relative sea level curve with only 5 control points. 

The sample age may also be questionable. For example, what is now driftwood 

likely lived long before the formation of the beach. Its transport history may be complex, 

including the possibility that it was stranded along a sand bar or other feature prior to 

deposition on the beach by a storm event. Also, the driftwood could have been stranded on 

ice for an undetermined interval of time thus delaying its deposition on a beach (Blake, 

1970). Further, marine mammals, such as whales, are assumed to die and deposit their 



bones in shallow water. These bones, therefore, would be older than the beach to which 

they are correlated (Blake, 1970). As a rule, the youngest dates on imbedded materials 

approximate the age of that beach most closely. 
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The major problem in dating organic materials is the geological uncertainty in 

associating them with an elevation of a specific raised beach or marine limit (Andrews, 

1989; Blake, 1992; Bednarski, 1995). One must interpret the relative sea levels because 

marine organisms may live from the intertidal zone to water depth of tens of meters 

(Bednarski, 1995). For example, Blake (1993) dated shells from Portlandia arctica, a 

marine pelecypod known to live at considerable depths. His sample was found at -40 m 

a.s.l.; however, he speculates, based on the sample's 14C age, that it actually dates the 

marine limit at an elevation greater than 100 m. The emergence curve in Figure 8 

(Bednarski, 1995) shows the ages of the samples at their collection elevations and also 

shows the interpreted elevation for the relative sea level that each sample represents. 
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Curves with such liberal interpretation of sea levels associated with individual samples are 

commonly employed as valid records of isostatic emergence. 
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4.2. Chlorine-36 dating 

In contrast to 14c dating, surface exposure dating with 36Cl is less limited by the 

availability of datable materials. Unlike the organic materials used in 14C dating, the rocks 

and sediments which can be dated are ubiquitous, thereby allowing this approach two 

main advantages. The method may be used on any material that has been gradually 

exposed at the surface due to isostatic rebound. In addition, an arbitrarily large number of 

samples can be collected at the same location, thereby providing the means of constructing 

a coherent, high-resolution record of exposure. 

Surface exposure dating by cosmogenic isotopes does not have the geological 

uncertainty associated with it that 14C has. Samples may be collected directly from the 

raised beach or marine limit eliminating the need to assume a corresponding elevation. 

Therefore, in principle, 36CI dating can provide a more accurate emergence curve. 

Carbon-14 dating, however, is more precise than 36Cl dating. The analytical error 

reported for 14C is very small compared to that of 36CI. The error associated with 14C 

dating is in the range from tens to hundreds years, while that of chlorine may be hundreds 

to thousands years. It is likely that a combination of these two dating methods would allow 

researchers to produce both an accurate and precise emergence record. If 14C and 36Cl 

ages of samples taken at similar elevations were compared, the 14C age could be used to 

determine if there is an inherited component in the 36Cl age. For example, if a shell dated 

with 14C at an elevation of 100 m gave an age of 10 ky, while sediment dated at that same 

site gave a 36CI age of 12 ky, it would be apparent that the sediment has an inherited 

component equivalent to 2 ky. 
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5.0. Methods 

5.1. Field collection 

M. Zreda collected nineteen dolomite samples from a sequence of ten 

paleobeaches over a distance of about 2 km, and eight samples from a different set of four 

paleobeaches about 6 km away. Two types of samples were collected at each location. 

Surface samples came from the top two centimeters while subsurface samples were 

collected at depths 25-55 cm. The geographic latitude and longitude of sample locations 

were determined with a hand held global positioning system instrument and the altitude by 

a survey altimeter (altimetry by John England, University of Alberta). 

5.2. Sample preparation and analysis 

Extraction of chlorine for measurement by AMS was based on a technique 

developed by Zreda et al. (1991), modified for carbonate samples. The samples were pre

leached in 5% nitric acid (HN03) to remove secondary carbonate crust, dried, and ground 

using a roller grinder to a fraction between 0.25 mm and 1.0 mm. This portion was rinsed 

in 5% nitric acid and leached for 24 hours in 18 MQ deionized water to remove any 

meteoric chloride ions from pores and grain boundaries. Approximately 10 to 15 g of 

leached sample was dissolved in cold 3% HN03 and Cl precipitated as silver chloride 

(AgCl) in the presence of excess of silver nitrate (AgN03). The AgCl was extracted from 

the reaction residue by dissolution in ammonium hydroxide (NH40H) and purified of 

sulfur using barium and a series of acid and base reactions (Bentley et al., 1986). The 

36CVC1 was measured on the AgCl targets by accelerator mass spectrometry at PRIME 

Lab, Purdue University. Full details of the extraction and purification procedure are in 

Appendix A. 
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A portion of the sample was ground to a fine powder and submitted for elemental 

analysis. Major elements were determined by X-ray fluorescence, B and Gd by prompt 

gamma emission spectrometry, and U and Th by nuclear activation analysis, all at XRal 

Laboratories, Toronto, Ontario, Canada. 

Total chlorine was determined on the powdered samples by specific ion electrode 

in a teflon gas diffusion cell as described by Aruscavage and Campbell (1983) and 

Elsheimer ( 1987). This technique was modified for use with carbonates in an attempt to 

minimize the loss of Cl due to COrinduced effervescence. The initial measurements 

indicated high chlorine content, therefore, a smaller sample size, 0.05 g, was used rather 

than the standard 0.2 g. In addition to decreasing the sample size, we modified the 

chemistry by substituting 5 cm3 of hydrofluoric acid with nitric acid. Teflon tape was used 

to tighten the seal around the lid of the cell and once closed, and office tape was placed 

around the cell to secure the lid. Appendix B shows a detailed guide for this procedure. 

The analytical uncertainty of the chlorine determination ranged from 0.3% to 11.9%, and 

averaged approximately 5%. This figure is based on variations among replicate 

measurements on the same sample and is a measure of random error only. There may be a 

systematic error associated with the technique, but it could not be evaluated because of the 

lack of carbonate standards for Cl. 

5.3. Calculation of 36Cl ages 

CHLOE software (Phillips and Plummer, 1996) was employed to solve the 

production equation and calculate cosmogenic surface exposure ages. Spallation 

production of rates of 73.3 ± 4.9 atoms 36Cl (g Car 1 yr- 1 and 154 ± 10 atoms 36CI (g Kr 1 

yr- 1 were used (Phillips et al., 1996). The value of 586 ± 40 fast neutrons (g airr 1 yr- 1 was 
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used to calculate the thermal neutron production rate (Liu et al., 1994; Phillips et al., 

1996). These production rates are for sea level and high latitudes and were corrected for 

the elevations of sample sites (Lal, 1991 ). The cosmic-ray intensity is constant at high 

latitudes; therefore, production rates have not been corrected for temporal variability. 



36 

6.0. Results and interpretation 

6.1. Results 

Sample locations and calculated 36CI exposure ages are presented in Table 1. The 

results of the chemical and isotopic analyses are reported in Table 2. Ages are presented 

individually and as an average of the surface and subsurface samples taken at each 

location (Figure 9). 

16 
A 

14 -
A 

12 - A ,...__ 
>, 

~ 
10 -Q) 

bf) 

~ 
\0 8 -C""l A 

A 
A • • • • • A • • A 

A • A 
I 

Q) • ·2 6 - A 
0 • ::2 u 

40 • 
2 - • Surface Age 

L Subsurface Age 

0 
0 20 40 60 80 100 120 

Elevation (m) 

Figure 9. Apparent cosmogenic 36Cl ages of paleobeach samples from Piliravijuk Bay. 
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Table 1: Elevations, depths and cosmogenic 36Cl ages of paleobeach samples from 
Piliravijuk Bay (81 ° 30' W, 77° 18' N). 

Sample Elevation Depth Apparent age Average age 

(m a.s.l.) (cm) (ky) (ky) 

EI96-17-MI 105 0 10.1 ± 0.6 

E/96-18-MI 105 52 15.1 ± 0.8 11.9±3.5 

EI96-19-MI 95 0 10.1 ± 0.9 

E/96-20-MI 95 52 12.1±0.9 11.1 ± 1.4 

EI96-21-MI 84 0 13.1±1.0 

E/96-22-MI 84 52 8.1 ± 1.1 10.8 ± 3.5 

EI96-23-MI 76 0 10.3 ± 1.4 

E/96-24-MI 76 52 8.1 ± 1.2 9.1±1.6 

EI96-28-MI 3 0 5.8 ± 1.3 

E/96-29-MI 3 25 6.4 ± 0.4 6.3 ± 0.4 

EI96-30-MI 0 0 4.1±0.7 

EI96-31-MI 11.5 0 4.3 ± 0.8 

E/96-32-MI 11.5 22 7.7 ±0.8 6.1 ± 2.4 

EI96-33-MI 28 0 7.2 ± 0.9 

E/96-34-MI 28 38 8.3 ± 0.7 7.9 ± 0.8 

EI96-35-MI 37.7 0 8.7 ± 2.2 

E/96-36-MI 37.7 35 9.4 ± 1.2 9.2 ± 1.1 

EI96-37-MI 48.8 0 9.6 ± 0.7 

E/96-38-MI 48.8 28 10.6 ± 0.8 10.0 ± 0.7 

EI96-39-MI 61.2 0 8.4 ± 0.6 

E/96-40-MI 61.2 32 11.0 ± 1.0 9.1 ± 1.9 

EI96-41-MI 69 0 10.1 ± 1.4 

E/96-42-MI 69 32 8.9 ± 0.9 9.3 ± 0.8 

EI96-43-MI 81.8 0 8.8 ± 0.5 

E/96-44-MI 81.8 38 8.6 ± 0.5 8.7 ± 0.4 

EI96-45-MI 95.2 0 10.6 ±0.7 

E/96-46-MJ 95.2 32 13.0 ± 1.3 11.2±1.7 



Table 2: Chemical and isotopic analyses. 

Sample Si02 Ti02 Al20 3 Fe203 MgO CaO MnO Na20 K20 P20s Cl 8 Gd u Th 36CVCI 

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (ppm) (ppm) (ppm) (ppm) (ppm) oo-'5cl) 

EI96-17-MI 1.01 0.00 0.08 0.13 21.30 30.8 0.01 0.02 0.01 0.01 613 12.5 1.5 1.6 0.5 68.5±4.3 

EI96-18-MI 0.32 0.00 0.05 0.13 21.90 31.1 0.01 0.01 0.01 0.01 692 12.5 1.5 1.6 0.5 89.1±4.9 

EI96-l 9-MI 1.40 0.00 0.22 0.15 20.40 30.6 0.01 0.04 0.02 0.01 560 18.0 3.5 1.2 0.5 58 .6±5.1 

EI96-20-MI 1.24 0.00 0.11 0.08 21.60 30.7 0.01 0.02 0.01 0.01 586 18.0 3.5 1.2 0.5 71.9±5.2 

EI96-21-MI 7.58 0.04 0.87 0.25 19.50 28.4 0.01 0.07 0.25 0.01 540 22.0 1.5 1.3 0.7 76±6 

El96-22-MI 5.96 0.04 0.81 0.27 19.50 29.5 0.01 0.07 0.22 0.01 573 22.0 1.5 1.3 0.7 51±7 

EI96-23-MI 7.81 0.04 0.87 0.27 19.50 28 .5 0.01 0.05 0.35 0.01 559 14.5 3.5 1.2 0.7 60±8 

EI96-24-MI 7.98 0.06 1.38 0.56 19.10 27.8 0.01 0.12 0.45 0.01 625 14.5 3.5 1.2 0.7 47±7 

El96-28-Ml 7.67 0.03 0.58 0.35 17.30 31.2 0.01 0.04 0.28 0.01 430 24.5 4.0 0.8 0.6 32±7 

EI96-29-MI 8.36 0.03 0.82 0.33 10.20 38.7 0.01 0.07 0.23 0.01 287 17.5 1.5 0.8 0.6 43.5±2.9 

EI96-30-MI 10.20 0.06 1.15 0.51 8.95 39.4 0.01 0.06 0.40 0.01 283 19.5 2.0 0.8 I 31.7±5.5 

El96-3 I-Ml 5.94 0.03 0.59 0.33 6.85 44.0 0.01 0.03 0.30 0.01 249 15.5 3.0 0.8 0.7 41±8 

EI96-32-Ml 3.92 0.02 0.59 0.27 8.55 43 .0 0.01 0.06 0.14 0.01 271 15.5 3.0 0.8 0.7 69±7 

El96-33-MI 4.40 0.02 0.65 0.23 12.50 38.5 0.01 0.09 0.17 0.01 383 12.5 2.0 0.7 0.5 53±7 

El96-34-MI 3.86 0.02 0.49 0.27 11.10 40.8 0.01 0.02 0.14 0.01 306 12.5 2.0 0.7 0.5 67±6 

EI96-35-Ml 7.75 0.02 0.66 0.24 2.46 48 .0 0.01 0.01 0.30 0.01 165 19.5 1.5 0.6 0.9 109±28 

El96-36-Ml 5.29 0.02 0.49 0.25 6.23 45.3 0.01 0.01 0.15 0.01 245 19.5 1.5 0.6 0.9 85±11 

EI96-37-MI 6.96 0.01 0.44 0.20 2.08 49.7 0.01 0.01 0.10 0.01 212 14.0 3.5 0.7 0.5 102±7 

EI96-38-MI 4.64 0.03 0.71 0.33 9.58 41.9 0.01 0.05 0.21 0.01 313 14.0 3.5 0.7 0.5 76.3±5.8 

EI96-39-MI 5.18 0.02 0.80 0.23 12.50 49.8 0.01 0.09 0.17 0.01 207 15.5 1.5 0.5 0.6 97±7 

EI96-40-MI 3.51 0.02 0.45 0.25 11 .30 40.6 0.01 0.01 0.12 0.01 358 15.5 1.5 0.5 0.6 77±7 

EI96-41-MI 2.91 0.03 0.65 0.26 1.86 51.5 0.01 0.01 0.15 0.01 145 16.0 3.5 0.5 0.5 124±41 

EI96-42-MI 2.99 0.03 0.71 0.29 4.54 49.0 0.01 0.03 0.09 0.01 212 16.0 3.5 0.5 0.5 85±9 

EI96-43-MI 2.82 0.03 0.46 0.17 6.90 46.0 0.01 0.01 0. 15 0.01 228 13.5 3.5 0.5 0.7 85.2±5.3 

El96-44-MI 2.72 0.02 0.49 0.26 9.19 43.6 0.01 0.02 0.14 0.02 251 13 .5 3.5 0.5 0.7 78.1±4.6 

EI96-45-MI 3.34 0.01 0.35 0.14 10.10 42 .5 0.01 0.01 0.07 0.01 327 16.0 2.0 0.7 0.5 85 .9±5.6 

El96-46-MI 2.16 0.01 0.28 0.17 13.40 39.3 0.01 0.02 0.07 0.01 387 16.0 2.0 0.7 0.5 91±9 
w 
00 
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6.2. Possible contamination by sea water 

Previously submerged samples can have seawater trapped in the pore space of the 

rock. Seawater contains mainly stable Cl, which, if not removed before sample 

preparation, would be released into the sample during the laboratory extraction of Cl. This 

addition of stable Cl would lower the 36Cl/Cl resulting in a younger apparent 36Cl age. 

To determine any possible effects of seawater, four samples were powdered to a 

fine fraction and leached in deionized water. Chlorine was extracted from leached rock 

samples and from the leachate to assess any systematic differences in the 36Cl/Cl. 

Contamination by sea water would result in 36Cl/Cl in the leachate that is lower than the 

expected minimum (calculated using production rates of 36Cl from 35Cl in pore fluid). The 

measured ratios for all leachate samples in this analysis (Table 3) were higher than the 

expected minimum thereby showing negligible addition of Cl from the sea water, thus 

indicating that 36Cl/Cl in the rock samples can be used to determine surface exposure 

ages. 

Table 3: Results of leaching experiment showing that contamination by sea water is not 
significant. Large contribution of marine Cl in the leachate would result in the 36Cl/Cl val
ues close to 0. (All values are 36Cl/Cl* 10- 15). 

Sample Leached rock Leachate 

Measured Expected minimum 

EI96-17-MI 68.6 ± 4.8 53.6 ± 4.4 46.1 

EI96-18-MI 102.1 ± 5.9 95.0 ± 5.0 72.6 

EI96-19-MI 62.4 ± 4.3 44.3 ± 4.0 39.1 

EI96-20-MI 72.3 ± 3.5 58.1 ± 3.3 46.8 



40 

6.3. Quality assurance 

Two samples, EI96-17-MI and EI96-19-MI, were prepared for the 36CI/Cl 

determination twice, each time by a different individual, but using the same procedure. 

Measurements on these targets (Table 4) agreed within uncertainty, showing the 

consistency and reproducibility of the results obtained in the sample preparation 

laboratory in the Department of Hydrology and Water Resources, University of Arizona. 

Table 4: Replicate samples for quality assurance. (Values are 36CVC1* 10- 15) 

Sample Analysis 1 Analysis 2 

EI96-17-MI 60.7 ± 4.3 68.5 ± 4.7 

EI96-19-MI 58.6 ± 5.1 65.5 ± 4.7 

6.4. Comparison of surface and subsurface samples 

Subsurface samples were collected at each location for the determination of 

inherited 36CI. This could be accomplished if production is dominated by spallation, that 

is, if the production rates decrease exponentially with depth. However, due to the high 

chlorine content, there was substantial subsurface production due to thermal neutrons. 

Within uncertainty, most apparent 36Cl ages of the subsurface samples are similar to the 

apparent 36Cl ages of the surface samples (Table l; Figure 9). Because there was no 

systematic difference that could be used to calculate the inherited component, this 

approach was deemed infeasible and, therefore, was abandoned. Instead, the inherited 

component was estimated using the 14C-dated Holocene marine limit (Blake, 1993). 
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6.5. Prediction of uplift curves 

Andrews ( 1968) determined that isostatic uplift curves for the Canadian Arctic 

indicate a similar response through time. He also showed that rebound can be described by 

an exponential function of the form: 

U' = Ae-bt 

where U' is the amount of uplift (m) remaining after time t (ky); A is the amount of uplift 

(m) remaining at t = 0 (date of de glaciation); b is the proportionality constant (ky- 1) that 

determines the rate of change. Figure 10 shows hypothetical emergence curves calculated 

for different proportionality constants b. 
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Figure 10. Hypothetical curves based on data in Andrews ( 1968) plotted as the amount of 
emergence that has occurred at time t when A= 105 m. 
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6.6. Inherited 36Cl 

The sample taken at the sea level (El96-30-MI) ideally should have a surface 

exposure age of zero. However, its apparent 36Cl exposure age is approximately 4 ky, 

indicating that 36Cl accumulated in the sample before its exposure at the surface. As 

discussed earlier (Chapter 3.0; Figure 6), paleobeaches could have a two-fold exposure 

history. First, the elastic material which has been redeposited by fluvial or coastal 

processes could have its own isotopic signature, for example due to an earlier exposure of 

the source rocks in an outcrop or during fluvial transport. This inherited component can be 

assumed the same in all samples because the beach material is well mixed. Second, it is 

likely that the samples experienced 36Cl production at some depth below the water 

surface, prior to being uplifted. Subsurface accumulation of 36Cl varies with the 

temporally variable uplift rate. Older samples, which were rapidly uplifted, should have 

little subsurface-produced 36Cl because the samples spent less time at shallow water 

depths. In contrast, younger samples, which experienced slow uplift and spent long times 

at shallow depths, should have higher concentrations of 36Cl at the time of exposure at the 

surface. 

The uncorrected apparent 36Cl ages of the surface samples are plotted in Figure 11. 

Sample EI96-2 l-MI is considered an outlier (see Figure 9) and was not included in the 

data analysis. A best fit curve to the 36Cl ages is used to constrain the age of the highest 

beach. From this fit, the age of the highest beach ( 105 m) is l 0.3 ky; this age is compared 

below (Section 6.6. l) with the independent 14C age estimate for the highest shoreline. 



11 

10 

9 

~ 
8 

c 7 
...c: 
u 
~ 6 11) 

a:) 
c.+... 5 0 

11) 
bJ) 4 
~ 

3 

2 

1 

0 

• 
• 

0 20 40 60 

• Apparent 36Cl Age 

- Best Fit 

80 100 

Elevation (m) 

Figure 11. Apparent 36Cl ages for surface samples 

6.6.1 Correction for inherited component 
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To correct for the inherited component of the samples, the highest sample taken at 

105 m was compared to Blake's (1993) marine limit in Makinson Inlet (Table 5). The 

Holocene marine limit in Makinson Inlet dates to 9.1 14C ky (or ca. 9.9 calendar ky) and 

the 36CI date for the highest beach in this study is 10.3 ky. Therefore, it is assumed that the 

samples inherited 36CI equivalent to 0.4 ky of exposure; this value has been subtracted 

from all apparent 36CI exposure ages. 

6.6.2 Correction for sub-water exposure 

Sub-water production would be most significant for the younger beaches as the 

uplift rate gradually slows to near zero. To account for this production, gradual buildup of 

36Cl as samples reach the water surface was simulated. The simulation uses Andrews' 

(1989) emergence function with the sub-water 36Cl production rates to calculate the 
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accumulation of 36Cl below the sea surface at varying depths. 

Hypothetical curves using various values for the proportionality constant, b, are 

presented in Figure 12. The curves are created based on a total uplift of 105 m (our highest 

beach) over 9.9 calendar ky (age of the Holocene marine limit). The data, corrected for the 

inherited component, are plotted with these curves in order to determine which curve 

provides the best fit. Based on the least-square measure, the curve with b=0.65 most 

closely approximates the 36Cl data. 

Table 5: Carbon-14 data from Makinson Inlet (Blake, 1993). 

Sample Elevation Conventional 14C age Calibrated range 
(m a.s.l.) (y before 1950) (y) 

GSC-2692 82 8090 ± 70 9138 - 8980 

GSC-2701 82 8040 ± 110 9142 - 8947 

GSC-2712 82 7920 ± 110 8995 - 8560 

GSC-2519 40* 8930 ± 100 9824 - 9489 

T0-224 40* 9150 ± 60 9964 - 9854 

GSC-2713 32 5930 ± 60 6851 - 6728 

GSC-3703 30.5 5630 ± 70 6486 - 6400 

GSC-2705 23 4900 ± 60 5661 - 5588 

GSC-2651 21 4600 ± 60 5326 - 5287 

T0-23 21 4730 ± 30 5568 - 5331 

GSC-3411 21 4590 ± 90 5329 - 5255 

GSC-3456 19.5 4480 ± 60 5288 - 5029 

GSC-5055 4.6 2880 ± 60 3086 - 2941 

GSC-1836 3 2060 ± 50 2071 - 1958 

* Blake (1993) correlates these samples to the marine limit at > 103 m. 
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Figure 12. Hypothetical curves and apparent surface sample ages. 

It follows from the computer simulation that the present day beach would have an 

apparent age of 2,694 y (Fig. 12). This represents the sub-water production correction for 

the lowest beach, but must be scaled for all others because they emerged at different rates. 

First, instantaneous emergence rates were calculated for points on the hypothetical curve 

corresponding to our sample elevations. Ratios of these rates were then used to scale the 

sub-water 36Cl accumulation by the following relationship: 

where C is the correction factor, A is the sub-aqueous accumulation at the lowest beach 

(2,694 y), and r 1 and r2 are the instantaneous uplift rates. The correction factor C was then 

subtracted from the apparent ages to yield the corrected 36Cl surface exposure ages for the 

surface samples (Table 6). Corrected 36Cl ages (Figure 13) compare well with the 14C 

ages of Blake (1993). Both data sets are plotted together in Figure 14. 



Table 6: Correction factors and corrected 36CI ages. 
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Figure 13. Corrected 36Cl ages. Error bars are one standard deviation arising from 

analytical uncertainty in the 36Cl/Cl measurements. 
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6. 7. Instantaneous emergence rates 

The corrected 36Cl data are plotted with emergence curves that follow the function 

of Andrews (1968), as discussed in Chapter 6.5. A least-squares algorithm was used to 

determine the parameter b. The corrected 36Cl ages are best approximated by the uplift 

curve calculated with b=0.40 (Figure 14). 
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Figure 14. Comparison of 14C (Blake, 1992) and 36Cl ages, and the best fit line (b=0.40) 

for the 36Cl data. 

Therefore, given a value for b of 0.40, emergence follows the equation: 

E = 105e-0.40(9.9-t) 

where E is the total emergence (m) and t is the paleobeach age (ky). Differentiation gives 

the rate of emergence as a function of time (plotted in Figure 15): 

dE = 42e -0.40(9.9- t)) 

dt 
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Figure 15. Instantaneous emergence rate function for Makinson Inlet. 

Based on this function, emergence of the oldest beach (9.9 ky) was occurring at a 

rate of approximately 42 m ky- 1• By mid Holocene (-7 ky), emergence had slowed to a 

rate of only 13 m ky- 1• Today, the rate of emergence is approximately 0.8 m ky- 1• 

6.8. Interpretation 

The paleobeach data presented herein yielded an emergence curve that was in 

excellent agreement with previously published emergence data for Makinson Inlet, 

Ellesmere Island. This emergence function followed the same trend as other emergence 

curves typical of previously glaciated areas. 

It was assumed that the beach sample located at sea level (EI96-30-MI) would 

ideally have an age of zero. Despite corrections for the inherited component and prior 

exposure (sub-aqueous production), the calculated age for the modern beach is 1 ky. Three 
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factors may be responsible for this deviation from the expected age of zero. First, there is 

a possibility of ice rafted material. As discussed with respect to 14C dating (Section 4.1), 

material may be stranded on ice for an undetermined interval of time, delaying its 

deposition on a beach. As a result, older material would be deposited over top of younger 

material producing a non-zero age at sea level. Second possible explanation for the non

zero age at sea level is submergence that would bring a previously elevated surface back to 

sea level. A third explanation is the effect of ice piling along the coast. Field observations 

along modern beaches indicate that broken sea ice can move and mix beach material 

within -1 m from the sea level, which could explain the 36CI age of 1 ky calculated for the 

sea-level sample. However, preliminary data on gravel and bedrock from the same 

location (Zreda, personal communication, 1999) suggests that this is not the case. 

Uncorrected 36CI ages for gravel and underlying bedrock are indistinguishable, therefore 

indicating that mixing of older surficial material with younger material at lower elevations 

is not a significant factor in 36CI dating of paleobeaches. 



50 

7.0. Conclusion 

The 36Cl results show the applicability of the cosmogenic 36Cl surface exposure 

dating method in studies of postglacial emergence. Comparison of 36Cl and 14C ages 

shows generally excellent agreement, thus validating the 36Cl approach. The ubiquitous 

nature of the rocks and sediments which can be dated by 36Cl allows this method two main 

advantages. First, the method may be used on any material exposed at the surface due to 

isostatic rebound, alleviating the need to find organic material datable by 14C. Second, an 

arbitrarily large number of samples can be collected at the same location, allowing the 

means to construct a high-resolution record of exposure and emergence. 

Paleobeach data produced an emergence curve for Makinson Inlet similar to many 

previously constructed emergence curves for the Canadian High Arctic. The initial 

instantaneous uplift rate calculated by differentiation of this emergence curve is 42 m ky- 1, 

which compares well to the previously published rate of 32 m ky- 1 for this study area 

(Blake, 1993). Approximately one-third of the total uplift occurred in the first 1 ky, while 

it took ca. 5 ky for the last 10 m of rebound. 

Future studies should sample to correct for an inherited 36Cl component. Surface 

and subsurface samples should be collected at each sampling location. Chlorine-36 

production will exponentially decrease with depth if the dominant production mechanism 

is spallation. Therefore, in samples with low total chlorine concentrations, 36Cl in 

subsurface samples would be inherited from some prior exposure episode, assuming no 

production at depth after deposition. The difference between the 36Cl ages of the surface 

and subsurface samples would be the corrected 36Cl age for that sample elevation. 
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Comparison of 36Cl and 14C data shows the potential for using these methods 

together in studies of isostatic rebound. A few precise 14C ages would provide control 

points for interpretation of a large number of 36Cl ages, in a manner similar to described 

herein. Such conjunctive use would allow the construction of an accurate, precise, high

resolution record of isostatic emergence. 
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APPENDIX A 

PREPARATION OF CARBONATE SAMPLES FOR 36CL ANALYSIS 

1. PRE-LEACHING: Pre-leach samples to remove any apparent secondary carbonate. 
Place sample in lOOOmL glass beaker, slowly add 5% HN03 and stir. Add enough acid 

to completely cover the sample. Continue to stir and allow reaction to settle down. 
Rinse with deionized water and repeat if necessary. 

2. GRINDING: Grind the sample to 0.25-1.0mm. 

3. LEACHING: Place the sample in a lOOOmL beaker and rinse well with deionized 
water to remove clays and other fine material. Slowly add 5% HN03 and stir well. 

Sample should be leached in acid for~ 5 minutes. Add deionized water to stop the 
reaction. Rinse the sample at least two times with deionized water, then three times 
with 18 MQ ultrapure (milli-Q) water. Cover beaker with plastic wrap and allow to 
leach overnight. Rinse twice more with milli-Q water, cover beaker with aluminum 

foil and place in a 100 °Coven to dry. 

4. EXTRACTION OF CHLORINE: Measure the following amounts of sample and 

reagents into an acid washed 1000 cm3 beaker and cover with parafilm. 

High-Cl samples: 

15g sample 

20 ml AgN03 

20 ml MQ H20 

Low-Cl samples: 

100g sample 

20ml AgN03 

100ml MQH20 

5. ACID DELIVERY: Using a pump, deliver 3% HN03 to the sample at a rate ~l mL/ 

min. For small (high-Cl) samples, 1000 ml should be sufficient to completely dissolve 
the sample. For small (low-Cl) samples, 1000 ml is not enough. Therefore, add 800 ml 
3% HN03 with the pump and complete dissolution by slowly adding concentrated 

acid (70%) from a squirt bottle. Add the concentrated acid in approximately 10ml 
increments per hour. Look for release of CO2 from the base of the beaker to see that 
the reaction is progressing. 

6. PROCESSING: Transfer sample to 500 ml glass centrifuge bottle. Centrifuge 15 min
utes at 1500 rpm. Decant acid. The sample should be at the bottom in the form of 
AgCI. Note: Do not decant acid straight from beaker, as some silver chloride may be 
floating on top of the acid. 

7. Rinse sample with milli-Q water, centrifuge, and decant water. 



8. Rinse the 1000 ml beaker with ammonium hydroxide (NH40H) and pour the liquid 

into the centrifuge bottle. 

9. Add more (NH40H) if necessary to make the sample basic. Check with pH paper. 
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10. Add l mL of saturated solution of Ba(N03)i, cover with parafilm and leave overnight. 

11. PURIFICATION: Centrifuge sample as above. 

12. Transfer solution to 50 ml test tube with a Pasteur pipette. 

13. Acidify with nitric acid to re-precipitate AgCI. 

14. Centrifuge and decant acid. 

15. Add just enough NH40H to dissolve the sample. 

16. Add l mL of Ba(N03)i, cover with parafilm and leave overnight. 

17. Repeat steps 11-16 twice more. 

18. RINSING AND PACKING: After final barium treatment, transfer the sample and 
acidify to precipitate AgCI. Rinse the sample four times with milli-Q water to remove 

acidity. Transfer the sample to a microcentrifuge tube and place in an oven at 75 °C to 
dry. 
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APPENDIX B 
DETERMINATION OF TOTAL CL CONCENTRATION IN CARBONATE ROCKS 

A. CLEANING DIFFUSION CELLS 

1. Make the cleaning solution: 

Put 750 mL of concentrated H2S04 in a clean glass beaker. 

Add 27 ml of saturated K2Cr20 7 solution using designated graduated cylinder 

2. Rinse cells with 18-MQ water. 

3. Heat the cleaning solution to about 90°C. 

4. Seal each diffusion cell with teflon tape. 

5. Pour hot cleaning solution into diffusion cells and let sit for 2 minutes. 

6. Pour acid back into beaker for storage until next usage. 

7. Rinse diffusion cells thoroughly with 18-MQ water. 

8. Boil 300 mL of concentrated nitric acid. 

9. Slowly add 50 mL of 3% H20 2. 

10. Pour the solution into diffusion cells, close the cells and allow to sit for 2 minutes. Flip 
the cells upside down to clean their tops. 

11. Return acid to its beaker. 

12. Rinse cells well with 18-MQ water, tap dry on paper towel and place face down on 
new paper towel for drying. 

B. SETTING UP 

1. Label each cell (1-12) using a permanent marker. 

2. Make a table with the following headings: 

Cell# Sample ID Mass of empty cell Mass of full cell Sample mass mV reading 

3. Prepare reducing solution (for 12 cells) put in appropriately labeled bottle. 

6.0g KOH 

0.3 g Na2S03 

31 g 18-MQ water 



4. Make up oxidizing solution (for 12 cells) put in oxidizing bottle 

0.4 g KMn04 

5.6 g 18-MQ water 
1.9 ml 50% H2S04 

27ml HF 
5ml H2N03 

5. Weigh empty cells. 

6. Using designated pipettes, place 0.200 ± 0.01 g of solution standards into the outer 
chamber of designated standard cells; record weight. 

7. Add 0.200 ± 0.01 g of samples to outer chamber of designated cells; record weight. 
Note: For high-Cl samples, use smaller sample size (0.050 ± 0.01 g) to reduce pres
sure due to the release of CO2 inside the cells. 

8. Measure 2.5 ml of reducing solution to the inner chamber of the diffusion cells. 
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9. Measure 3.0 ml of oxidizing solution to the outer chamber of the diffusion cells; do not 
the let the solution contact the sample. 

10. Place lid on each diffusion cell and secure with office tape. 

11. Place diffusion cells on an orbital shaker and shake for 16-20 hours. 

C. MEASURING ELECTRIC POTENTIAL IN DIFFUSION CELLS 

1. Change the filling solution in the Cl ion selective electrode; rinse the electrode. 

2. Open the blank, pipette off solution from outer chamber using the designated pipette. 

3. Weigh the cell, write down in "Mass of full cell" column of data sheet. 

4. Condition the electrode in the blank for 30 min. The bottom of the electrode should be 
fully immersed in, but it should not touch the bottom of the diffusion cell. Record 
potential at the beginning and end of the period. 

5. Open diffusion cells one at a time, pipette off solution from outer chamber. 

6. Weigh cell; record the mass of full cell. 

7. Rinse the electrode with 18-MQ water. 

8. Put electrode into diffusion cell and measure the potential; record the value in the 
appropriate column. 

9. Rinse diffusion cell after use and put on clean towel. 
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