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ABSTRACT 

Glacier Bay, roughly 58°N to 59°N latitude and 136°W to 138°W 
longitude, experienced one of the most pronounced Neoglacial (late 
Holocene) ice advances in southeast Alaska. Previous field studies and 
physiographic arguments suggest that the west arm of the bay was filled 
by ice before the east arm, Muir Inlet, was filled. It has also been 
suggested that fine-grained clastic sediments within sequences of 
Holocene gravels in the Muir Inlet region record episodes of damming of 
the inlet by ice of the west arm. Exposures of these sediments were 
investigated from 1977 to 1979 in order to evaluate their environment of 
deposition and to correlate and date them. 

Stratification sequences and primary structures within the 
sediments suggest deposition in a lake or lakes into which ice-bergs 
actively discharged. The varied stratigraphic position of fine 
sediments within the Holocene sections allows the interpretation of more 
than one glacial advance. Mineralogically and palynologically the 
sediments all are quite similar. Varve counts obtained from 
rhythmically bedded silt-clay couplets failed to provide data useful for 
correlation purposes. The counts do suggest short (several hundred 
year) periods of lacustrine deposition at any one site, provided the 
couplets are annual. The paleomagnetic signature of the deposits 
suggests at least two periods of lake formation (and therefore 
ice-damming). Radiocarbon dates and comparison to a dated magnetic 
record from southern Europe suggest ice advance and damming of Muir 
Inlet about 2900-2600 years BP. This was followed by a short retreat 
during which soil profiles developed on some lacustrine sediments. At 
1700-1500 years BP, another advance and damming event occurred. An 
older advance in the west arm has been suggested at 4500-4200 years BP 
based on a radiocarbon date beneath glacial till, and a younger advance 
from 700-200 years BP resulted in furthest Neoglacial advance in Glacier 
Bay. However, neither of these events is represented in the lacustrine 
sediments of the Muir Inlet region. 
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INTRODUCTION 

Location of the Area 

Glacier Bay National Park and Preserve is just north of the 
Alexander Archipelago of southeast Alaska and is some 60 to 150 km 
west of Juneau. Muir Inlet and its tributaries, the principal 
areas of interest for this report, are located in the northeast 
portion of the Park (Fig. 1). Most of the sites investigated are 
on the Juneau D-6, Skagway A-4 and A-3, and Mt. Fairweather D-l 
Quadrangels (roughly 58°45' to 59°00'N, 135°45* to 136°20*W). 

Nature of Investigations 

Fieldwork was conducted from June 23 to August 14, 1977; from 
June 28 to August 12, 1978; and August 15 to August 31, 1979. The 
main purpose of the study was to test the hypothesis that spatially 
separated outcrops of lacustrine sediments in the Muir Inlet region 
record periods of ice advance in adjacent Glacier Bay. 

It has been suggested that Late Holocene (Neoglacial) glacier 
advances in the west arm of the Bay (Fig. 1) resulted in glacier 
damming and lake formation in Muir Inlet (Goldthwait, 1963; 1966). 
It was reasoned that if the hypothesis is correct, the lacustrine 
sediments of Muir Inlet might record a detailed Holocene glacial 
history. Such histories have been constructed for the continental 
side of the Border Ranges (Borns and Goldthwait, 1966; Denton and 
Karlen, 1977), and a history for the maritime side would provide a 
greater understanding of Holocene glacial events in this region. 

In order to test the ice-dam hypothesis and to decipher a 
Holocene glacial history, several goals were established for the 
study. The first of these was to determine the environment of 
deposition of the sediments. Were they, in fact, ice-dammed lacus
trine deposits? Stratigraphic sections were measured through 
lacustrine outcrops, lateral facies changes were noted, and primary 
sedimentary structures were investigated in order to answer this 
question. 

In the event that the sediments were deposited behind an ice-
dam, the next goal was to correlate the sediments from exposure to 
exposure. This was done to ascertain whether the sediments repre
sent deposition in one large ice-dammed lake or perhaps several 
lakes representing several ice advances. And lastly, if the sedi
ments could be physically correlated, it was hoped that periods of 
lake formation could be put into an absolute time framework. The 
second series of goals naturally posed the greatest difficulties 
for the study, but they held the most interesting possibilities for 
the establishment of a Holocene glacial chronology. 
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Figure 1. Glacier Bay National Park and Preserve, southeast Alaska. 
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The methods employed in achieving these goals were necessarily 
multidisciplinary in nature, and they evolved as the study was 
executed. Detailed varve chronologies were obtained from rhythmi
cally bedded silt-clay couplets. These were heavily relied upon 
early in the study, but they were found to add little information 
of value for correlation purposes. Palynologic, x-ray diffraction, 
and grain-size analyses were obtained to characterize sediments and 
to attempt to correlate them. In addition, samples for paleomag-
netic analyses were obtained late in the program in an attempt to 
replace the varve technique with a correlation tool that had more 
regional applicability. A few samples of organic material (gener
ally wood) were collected for radiocarbon dating. Techniques 
employed in sample analyses are discussed separately in later 
chapters. 

The diverse nature of the studies precluded more than super
ficial treatment of specific topics, but it is suggested that the 
study method provides a more complete and satisfying data base from 
which to draw conclusions than could have been obtained from de
tailed application of any one method. 

Localities examined for this study were generally chosen from 
published descriptions of the glacial geology of the area (Cooper, 
1923; 1937; Goldthwait, 1963; 1966; Haselton, 1966; 1967; McKenzie 
1970; Mickelson, 1971). Unpublished field notes were provided by 
R.P. Goldthwait and G. Streveler, and some outcrops were discovered 
in the field. Work was limited to a few exposures that were stud
ied in some detail. 

Fieldwork was conducted from a series of camps located at 
favorable sites near prospective study locales. Travel was done in 
an open 16-foot aluminum skiff powered by a 15-hp motor, and this 
combination proved to be more than adequate for a two-man field 
party. 

Previous Investigations 

Early Observations. Most early observations on the glaciers and 
glacial geology of the Monument concerned the rapid retreat of ice 
from the main fjords (both by calving of tidewater fronts and 
down-melting). Many authors have summarized the observations 
recorded in early reports (Cooper, 1937; Field, 1947; 1979; 
Goldthwait, 1966; Haselton, 1967; McKenzie, 1970; Mickelson, 1971, 
to name but a few). One of the most complete listings of early 
works can be found in Tarr and Martin (1914, p. 7-9). The follow
ing outline is extracted principally from their work and that of 
Cooper (1937). 

The position of glacier termini was first mapped within what 
is now the Monument in 1786 by LaPerouse. His map of Lituya Bay 
shows Lituya and North Crillon Glaciers 4 to 5 km back of their 
present positions (Klotz, 1899; Goldthwait and others, 1963). Ice 
in the main fjord was several miles north of the mouth of the Bay 
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in 1794 when Whidbey of Vancouver's expedition was sent to explore 
the shoreline around what is now Taylor Bay and Glacier Bay 
(Vancouver, 1801). Only several decades before, ice had advanced 
to its maximum Neoglacial position (Cooper, 1937). 

Russian explorers visited the region after Vancouver 
(Davidson, 1903) and before 1877 when Lieutenant Wood probably saw 
the Bay (Wood, 1882). Glacier Bay gained notoriety after the 1879 
visit of John Muir. Muir made several visits to the area between 
1879 and 1899 (Muir, 1915). During this time, the Muir Glacier 
terminus was as far south as Mount Wright. 

G.W. Lamplugh (1886) carried out the first scientific observa
tions of Muir Glacier, and G.F. Wright (1887) made a detailed 
survey of ice fronts and studied ice motion. H.F. Reid (1892; 
1896) also mapped ice termini and studied bedrock geology in the 
Muir Glacier basin. Both of these authors indicate that near the 
turn of the century, Muir Glacier had retreated only as far as a 
position just south of Adams Inlet. Ice fronts in the western arm 
of the Bay had retreated close to their present positions by 
1910-1920. 

I.C. Russell (1892) made some observations of Muir Glacier in 
1890, and the entire Muir drainage was mapped by the Canadian 
Boundary Survey in 1894-95. In 1899, Muir and G.K. Gilbert 
(Gilbert, 1904) studied the glaciers with the Harriman Alaska 
Expedition. Andrews and Case (Andrews, 1903) made brief observa
tions of Muir Glacier in 1902. F.E. and C.W. Wright made detailed 
maps for a 1906 U.S. Geological Survey expedition. Klotz (1907) 
and Morse (1908) published additional observations of the 1907 
Boundary Survey work. Martin (1913) studied the glaciers in 1911, 
and Reid (1913) briefly summarized the results of glacier observa
tions to that time. 

W.S. Cooper made his first trip to Glacier Bay in 1916 at the 
suggestion of Martin. He later graphically and verbally summarized 
the known data on ice retreat (Cooper, 1937, p. 47-56). Field 
(1947; 1979) and Goldthwait (1966) have continued to monitor gla
cier fluctuations, and Powell (1980) has plotted the 1979 termini 
of tidewater glaciers that he studied. 

Retreat of Glacier Ice 

A few figures are listed below (mostly from Cooper, 1937; and 
Field, 1947; 1979) on rates of glacier retreat and downwasting. 
From Vancouver's time to 1976, the average rate of retreat was 
about 0.4 km/yr. Detailed rates are quite variable, because re
treat of tidewater glaciers depends not only on climatic forcing, 
but perhaps to a greater degree on ablation rates (Goldthwait, 
1963). Ablation rates depend in turn on the physiography of the 
fjord. This includes the configuration of the tributary glaciers, 
width of the tidewater margins, and depth of the fjord. From 
1880-1889, retreat of Muir Glacier averaged 0.18 km/yr, and was 
actually broken by a slight advance. This occurred while the ice 
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front was in a shallow and narrow part of the fjord. The period 
1899-1903 had a retreat rate of 0.8 km/yr. Between 1903 and 1907, 
retreat occurred at 2.67 km/yr. The rapid retreat after 1899 was 
attributed to shattering of the ice by the 1899 Yakutat earthquake 
(Tarr and Martin, 1914); however, the glacier had retreated past 
one of its tributaries, Adams Inlet, and into deep water. Both 
factors probably influenced the rate of retreat more than the 
earthquake did. In the years up to 1935, the rate was only 0.11 
km/yr. Again from 1926-1935, the calving margin was in a shallow, 
narrow reach of the fjord. From 1935-1946, the ice front retreated 
at 0.61 km/yr. 1946-1952 was a period of slow retreat in a narrow 
area. Since then, retreat has occurred at about 0.4 km/yr. 

In the west arm, ice had retreated as far as Russell Island by 
1879. From their point of separation, Muir Glacier had retreated 
only 8 km while ice in the western arm retreated in deep water some 
40 km by this time. This rapid retreat gave rise to four indepen
dent inlets: Queen, Rendu, Tarr, and Johns Hopkins. Grand Pacific 
Glacier in Tarr Inlet made its furthest retreat during the period 
1925-1935 and has since readvanced 2.3 km. John Hopkins Glacier 
receded to the head of its inlet in 1930 and has since readvanced 
1.8 km (Field, 1979). 

Field (1979, p.804) indicates that Carroll and Rendu Glaciers 
had stopped retreating by the 1890's while still tidal, and that, 
although now on land, their termini have not changed markedly. 

Brady Glacier is said to have advanced 8 km since the time of 
Vancouver's visit (Klotz, 1899). However, Derksen (1976) feels 
that this is not so, and that the Brady was at its present position 
in 1794 and reached a maximum position 100 years ago. The glaciers 
of Lituya Bay have advanced several kilometers since La Perouse 
mapped them (Klotz, 1899; Goldthwait and others, 1963). Many of 
the land-based glaciers draining the same ice fields and sharing 
the same divides as the retreating tidewater glaciers have advanced 
slightly or have retreated only slightly from their maximum posi
tions of the 18th and 19th centuries (Field, 1979). 

Cooper (1937, p. 53) noted a phenomenon that may explain the 
apparently anomolous behavior of the glaciers in this region. He 
recorded that Rendu Glacier had rapidly deposited sediment in front 
of its terminus. This reduced ablation caused by water circulation 
and buoyancy. The glacier then (1916) was able to advance over its 
own outwash gravels. Field (1979) has adopted this gravel-protec
tion explanation for other slight advances of tidewater glaciers 
during periods of general retreat. 

He noted that: 

"The whole regime of tidal glaciers is very different 
from land-ending glaciers. These differences appear 
quite adequate to account for rapid, even catastrophic 
recession, as well as for advances during periods of 
general, widespread recession. Climate cannot be 
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neglected entirely, for it is still an important 
controlling factor in any change in the rates of snow 
accumulation and wastage. But local factors are also 
important." (Field, 1979, p. 804-805). 

By different regime of tidewater glaciers, Field refers to the 
fact that they generally maintain a rapid velocity from the snow
line all the way to the calving margin. This situation is very 
different from land-ending glaciers where velocities slow from the 
snow-line to the terminus. And as mentioned earlier, the calving 
margins of tidewater glaciers are subjected to ablation due to 
contact with sea water. Both the velocity and ablation patterns in 
tidewater glaciers can cause catastrophic retreat (Mercer, 1961; 
Post, 1975). However, rapid sedimentation at a stable ice front 
can reduce ablation and allow an advance. As will be seen later, 
Neoglacial advance was probably facilitated by prior gravel deposi
tion. 

Ice loss by downwasting has been the mechanism responsible for 
the removal of large stagnant ice masses resting on lowland regions 
and cut off from snow accumulation areas. Rates of downmelting 
depend on local climate, and because large areas near sea level do 
not vary radically in climate, they have similar rates of down-
melting. Field (1947) gives figures of 6.1-7.9 m/yr for vertical 
lowering of ice during the deglaciation of Adams Inlet. 

He says that from 1907-1941, Casement Glacier was lowered by 
1.5 m/yr at the 915 m contour and by 6.7 m/yr near the terminus. 
The almost stagnant McBride Remnant Glacier was said to have been 
lowered almost totally by downmelting at 6.7 m/yr between 1907-
1941. Field (1947) says the highest point of Plateau Glacier was 
lowered an average of 4.6 m/yr from 1891-1941, and Burroughs 
Glacier was lowered at its highest point some 1.5 to 3.0 m/yr. He 
gives a figure of 7.6 m/yr as an average downmelting rate near sea 
level. This compares with rates of 11.6-30.5 m/yr of vertical loss 
during the same period for the terminus of Muir Glacier, which lost 
ice mainly by flow and calving. 

Haselton (1967) gives rates of downmelting of 6.4 m/yr for 
McBride Remnant Glacier, and 3.4 m/yr higher on the ice. Mickleson 
(1971) found a linear relationship between the rate of ice surface 
lowering and elevation of Burroughs Glacier. At 420 m above sea 
level, the rate was only about 4.6 m/yr, while at 150 m it was on 
the order of 9.5 m/yr. 7.6 m/yr still appears to be a good figure 
for ice loss by downmelting at sites near sea level. 

Deglaciation has facilitated studies of glacial landform 
development. Details of these studies will not be given here, and 
the reader is referred to works by Taylor (1962), Price (1964; 
1966), Haselton (1967) McKenzie (1968), Mickelson (1971), Peterson 
(1969), and Derksen (1976). 

6 



Post-Retreat Sedimentation in Marine Inlets 

One of the most visible geologic processes occurring in fjord 
areas recently vacated by glacier ice is the progradation of deltas 
into marine inlets. Goldthwait (1963) has stated: 

"The most notable deposit of recession is the outwash 
delta. Within the last two decades, these have grown to 
form a shelving strand well out in front of a number of 
retreating ice margins (McBride, Carrol, Rendu, Grand 
Pacific, Hugh Miller, Geikie). In the deep water which 
fronts on the rapidly retreating Plateau and Muir 
Glaciers, deposits have time to build up to the surface 
before the ice has retreated far up the fjord; but where 
the fjord is shallow, a substantial broad outwash is 
developed. Casement Glacier, and many smaller glaciers, 
have gone back entirely on land. This was repeated 4,000 
to 10,000 years ago, when exactly the same thing happened 
over a period sufficiently long to fill up the arms of 
most bays. If recession continues through a number of 
centuries this must be the fate of the present shallow 
northeastern and southwestern inlets in Glacier Bay." 

In fact, large deltas are presently filling Adams Inlet, and 
their fronts are prograding at 18 to 66 m/yr. One river alone has 
been estimated to deliver 1.14 x 10 tons of bedload material to 
the inlet each year (McKenzie and Goodwin, 1980). Derkson (1976) 
cites volume growth of outwash in Taylor Valley of 6.0 x 10 m /yr, 
and Goldthwait and others (1963) give a similar rate of 5.4 x 
10 m /yr for the delta fronting North Crillon Glacier. Hoskin and 
others, (1975) measured rates of suspended sediment deposition of 
2.6 m/yr near the head of Queen Inlet. Clearly, as Goldthwait has 
indicated, a great deal of sediment is filling deglaciated inlets. 

He has also notes (Goldthwait, 1963, p. 40-42) that accordant 
gravel terraces can be found up to 100 m above sea level on both 
sides of Wachusett Inlet and as high as 60 m on either side of the 
central part of Muir Inlet. These deposits are comprised of crude
ly stratified sands and gravels, and they dip gently toward the 
inlets. 

In the upper reaches of Muir Inlet, the gravels nearest the 
mountainsides are 120 m above sea level. Gravels in Adams Inlet 
are lower, about 33 m in maximum elevation. This has been inter
preted as an original depositional slope toward the open Glacier 
Bay (Goldthwait, 1963). He goes on to say that similar gravels 
occur in the inlets of the southwestern part of the Bay. They can 
be found on the north and south sides of Geikie Inlet near its 
mouth. Gravels occur on the north side near the head of 
Charpentier Inlet and north of Hugh Miller Inlet. The maximum 
elevation of these deposits is about 100 m, and as in Muir Inlet, 
they decrease (to 60 m in this case) toward the open bay. 
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The presence of these deposits has been obvious to all observ
ers of the Muir Inlet region since Muir's first visit; however, 
their significance has not always been interpreted in the same 
manner. Lamplugh (1886) noted the gravels and suggested from their 
relationship to the retreating ice that they represented deposition 
prior to ice advance. G.F. Wright (1887) discovered a buried 
forest of conifer trees on the west side of Muir Inlet. These had 
grown on "a compact stiff clay stratum, blue in color.... There is 
also occasionally, in this substratum of clay, a small fragment of 
wood, as well as some smooth pebbles from an inch to two feet in 
diameter." The clay was recorded as being 6 m thick. Clearly, 
this clay is of lacustrine origin and contains large ice-rafted 
clasts. Wright suggested that ice advancing through Tidal Inlet 
from the west played a part in the burial of the forest, and felt 
that the buried trees antedated glacial advance. (It also appears 
that he meant before the great "Glacial Age".) This seems to be 
the first suggestion that ice advance down the west arm of the bay 
preceded advance down Muir Inlet. 

Cushing (1891) proposed that the buried forest of Muir Inlet 
was interglacial in origin. He indicated that the advance from 
which ice was then receding was a minor one following recession 
from a prior major (Pleistocene) advance. He correctly interpreted 
the significance of vegetation trim-lines, and he suggested that 
the gravels were related to slow advance of the Muir Glacier. A 
problem for him was how so much gravel could have been deposited to 
such an elevation above sea level during the advance. I.C. Russell 
(1892) suggested that much of the gravel fill originated as out-
wash-fan deposits laid down during a previous retreat of the Muir 
Glacier System. He seems to be the first worker to infer a gravel 
fill from one side of Muir Inlet to the other. He also suggested 
that the glacier had removed a large quantity of the original fill 
during its advance. Muir (1915) had, apparently, come to the same 
conclusion, based on observations made during 1890. 

Reid (1896) agreed in large part with Russell, but indicated 
that some of the gravel might have been deposited by ice-marginal 
streams as kame-terraces during the glacier advance. He said the 
gravels would build to higher and higher levels until overrun by 
ice. He felt this could explain the thick accumulations of gravel 
on the shores of Muir Inlet and their absence in the fjord itself. 

The ice marginal stream hypothesis was accepted by Cooper 
(1923; 1937). His work on the composition of the interglacial 
forests was an invaluable addition to the literature, but his ideas 
on gravel deposition were probably wrong, and the facts as inter
preted by Russell (1892) and Goldthwait (1963), appear to be cor
rect. It is interesting to note that Indian legends tell of a 
river valley in what is now Glacier Bay. The valley was said to 
have been overwhelmed by ice, and upon retreat of the glacier, a 
bay of the sea occupied the former valley (Lawrence, 1958). 
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Stumps of the interstadial forests, buried in the gravels, 
have been radiocarbon dated (see Goldthwait, 1963, for a summary). 
Dates in the lower gravels range from roughly 7,000 to 3,000 yrs 
B.P. In Wachusett Inlet, Goldthwait (1963, p. 41) used dated 
stumps to calculate the rate of gravel accumulation. He gives an 
average rate of 1.4 cm/yr and range of 1 to 5 cm/yr. Further, he 
assumes that deposition was rapid during post-Pleistocene deglacia-
tion, and the first 100-300 m of fill accumulated at rates of up to 
10 cm/yr. 

Early workers did not remark at length about lacustrine silts 
and clays within the gravel deposits. While such lake deposits are 
not uncommon, most have emerged from under the ice since the early 
work was done. Exposures on the west side of Muir Inlet were 
mentioned (Wright, 1887) and some were noted on the east side near 
Point George (Cooper, 1923). Such beds can now be found in Muir, 
Wachusett, and Adams Inlets. Other exposures exist in local areas 
of Geikie Inlet and the Bear Track Valley. 

In speaking of these lacustrine beds, Goldthwait (1963, p. 42) 
has said: 

"On top of outwash, or interbedded with the finer upper 
parts of the outwash in more than a dozen localities, 
there are laminated lacustrine silts and clays. No 
fossils except logs could be found in these. It is not 
clear whether the readvance of ice down the main Glacier 
Bay blocked these valleys, both to the northeast and 
southwest, to create large common ice-dammed lakes." 

He favored the ice-dam hypothesis and suggested that the lake 
may have originated as long ago as 1400 B.C. (3,400 years B.P.) and 
lasted from 200 to 1,700 years (or as late as 1,700 years B.P.). 
These dates were based on radiocarbon dates from in situ stumps in 
gravels above and below the lacustrine beds. Haselton (1966, p. 
15) states: "The radiocarbon dates on collections of wood made 
most recently by the present writer show that these lakes began to 
form 1,000 years prior to 1,400 B.C." and: "From the stratigraphic 
evidence in Muir Inlet, it is impossible to demonstrate conclusive
ly that a single lake once filled all of Muir Inlet and its tribu
tary areas." 

McKenzie (1970) noted that rhythmically bedded lacustrine 
sediments on the south side of Adams Inlet began to accumulate 
after 1,700 years B.P. Thus, sediments in Adams Inlet appear to be 
younger than those in Muir Inlet. This is a serious mark against 
the single ice-dammed lake idea. 

In most places (Goldthwait, 1963; Haselton, 1966; McKenzie, 
1970; Mickelson, 1971), a few to tens of meters of gravel were 
deposited on top of the lacustrine beds before Neoglacial ice 
advanced over them. Succeeding chapters will focus on observations 
and analyses of lacustrine sediments and on interpretation of their 
origin and significance. 
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REGIONAL DESCRIPTION 

Glacier Bay National Park and Preserve is a rugged and sharply 
dissected mountainous area that contains a few gently contoured 
lowlands. It includes many deep fjords (over 500 m in places), and 
some of these have glaciers that reach tidewater. A recent land 
acquisition on the northwest has increased the size of the Park to 
10,700 sq. km. It is up to 170 km in length and 125 km wide. The 
main body of water, Glacier Bay, is 120 km long and 15 km across at 
Its widest point. The Bay trends southeast to northwest along the 
structural grain of the underlying bedrock. 

Physiography and Vegetation 

Warhaftig (1965) has described the physiographic divisions of 
Alaska, and he places the Monument within the Pacific Border Ranges 
province. He further subdivides this province into the Gulf of 
Alaska Coastal Section, the St. Elias Mountains (represented in the 
Park by the Fairweather Range), and the Chilkat-Baranof Mountains. 
Warhaftig's subdivision of the Park has been summarized by McKenzie 
(1968, p. 15-18). 

A more local and perhaps a more pertinent description based on 
division of the Park into major drainage basins is given by 
Streveler and Paige (1971, p. 4-9). These authors recognize five 
provinces; four are discrete drainages, and the fifth is a region 
of many small contiguous ones (Figure 2). 

Excursion Inlet. All of the area between the eastern boundary of 
the Park and the divide between the Bartlett-Salmon River drainages 
are included in this province. It is a straight U-shaped valley, 
the lower reach of which is partially below sea level. The highest 
peaks reach about 1,500 m elevation, and the lowest points are 150 
m below sea level. 

The vegetation cover is composed of "mature" spruce-hemlock 
forest that extends from sea level upwards to about 750 m. Above 
this is a zone of brush and then alpine meadow. Vegetation in 
low-lying areas has probably not been disturbed by glacier ice 
since the end of the Pleistocene. 

Glacier Bay. This province is bounded on the north by the Chilkat 
and Takinsha Ranges, which reach a maximum elevation of about 2,100 
m. To the northwest, the boundary is formed by the crest of the 
Fairweather Range. Maximum elevations along this portion of the 
crest reach 4,160 m. A series of discontinuous peaks less than 
1,500 m high form the western boundary. The area defined consists 
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Figure 2. Physiographic provinces of Glacier Bay National Park and Preserve. 
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of a number of U-shaped valleys and fjords that merge to form the 
main Glacier Bay. Much of this region was occupied by ice (up to 
1,200 m thick) during the Neoglacial advance. Parts of the prov
ince are still covered by glaciers, although rapid retreat has 
uncovered much land and sea. Some stands of "mature" forest sur
vived on hillsides between the permanent snowline and the glacier 
surface. Newly uncovered land surfaces are in various stages of 
revegetation. 

Water depths in the main fjord average 500 m in the upper 
reaches and decreases to 45 m near its mouth and out into Icy 
Strait. The Gustavus region was only partly covered by Neoglacial 
ice, but was extensively covered by outwash gravels, and was partly 
covered by marine waters. 

Dundas Bay. This province is composed of the Dundas River Valley, 
a broad alluvial valley; the Dundas Bay fjord system; and parts of 
Icy Strait. Elevations range from 1,140 m above to 275 m below sea 
level. Spruce-hemlock-cedar forests intermingle with logepole pine 
dominated bogs. Timberline averages about 600 m. The floor of the 
river valley has a spruce-cottonwood forest, typical of a less 
stable floodplain environment. 

Little ice or permanent snow-cover exists within this prov
ince, but large amounts of meltwater were shed into the Dundas 
River Valley through passes from Geikie Inlet and Berg Bay during 
the Neoglacial. 

Brady Glacier. Much of this province is covered by the Brady 
Glacier. Ice locally dams adjacent valleys, ponding lakes and 
filling them with outwash. This ice is supplied from a basin east 
of the La Perouse-Crillon-Bertha segment of the Fairweather crest. 
Low mountains (less than 1,500 m) bound the eastern side of the 
province, and these do not contribute much snow to the glacier. 
The broad, shallow Taylor Bay is southeast of the glacier terminus. 

The vegetation is similar to that near Dundas Bay, except that 
large lowland areas are covered by nearly barren active outwash. 

Outer Coast. The physiographic features of this province are found 
in parallel northwest-southeast trending belts. There are from 
west to east, a 5 km wide band of shallow sea less than 170 m deep, 
a beach that is depositional in character, a series of raised 
beaches the highest of which is over 500 m above sea level and is 
superimposed on a ridge 1,500 m in elevation. Behind the ridge is 
a fault-controlled valley running the length of the province. The 
Fairweather crest rises from the valley to a maximum elevation of 
4,665 m at Mt. Fairweather. 

Treeline is at about 600 m. Below it, spruce-hemlock-cedar 
forest and pine-covered bogs are separated by scrub forests. Above 
it, brushland is found. Alpine meadows occupy the areas between 
the brush and the snowline. 
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Climate 

Most portions of the Park that are near sea level fall into 
Koppen's Cfc climate type (Loewe, 1966). This is a warm, temper
ate, rainy climate with a cool, short summer. Loewe states that 
parts of the Monument might belong to type Cfc'c with a relatively 
dry summer, compared to winter precipitation, but still with a 
generally wet climate. He adds that some areas might also have 
type Dfs'c, a rainy climate with a cold winter and a cool summer. 

Maritime influences dominate the climate of the Park. Annual 
and diurnal temperature variations are small, relative humidity and 
cloudiness are high, precipitation is heavy, and winds can be 
strong. Data from stations near the Park indicate that a rather 
steep gradient in both precipitation and temperature exists from 
coastal areas inland, but this is difficult to document within the 
Park itself owing to a lack of data. Wahrhaftig (1965) maps these 
gradients, and older local data have been discussed by Loewe 
(1966), Bengtson (1962), Haselton (1966) McKenzie (1968), Streveler 
and Paige (1971), MacKevett and others, (1971), and Derksen (1976). 
The data listed in Tables 1 and 2 are similar in content to those 
discussed by the above authors, but they are more recent. These 
are for four stations in or close to the Park and they were ex
tracted from U.S. Climatological Data, published by the U.S. 
Department of Commerce. 

The mean monthly temperatures (°F) and mean monthly precipi
tation (in.) in Table 1 are averaged for the period 1970-1978. 
Cape Spencer is on the outer Coast, Haines Terminal is near the 
head of Lynn Canal, and Linger Longer is north of the Park 
(59°26'N, 136°17'W) at about 200 m elevation. The Cape Spencer 
station was moved to Elfin Cove in 1974, but the new station is 
also located near the open Pacific Ocean. Measurements for Glacier 
Bay are from Bartlett Cove. It can be seen that mean temperatures 
are more moderate and precipitation greater near the coast. Table 
2 shows the extremes of temperature for each month of 1972. In 
general, the further inland one goes, the greater is the range in 
extremes of temperature. 

This effect could undoubtedly be seen within the Park if 
investigations were made, but local topographic effects in the 
fjords would probably render the overall pattern complex. 
Streveler and Paige (1971) do note that temperatures at sea level 
in the upper reaches of the Bay are cooler in the summer, both 
during the day and night, than they are at Bartlett Cove near the 
mouth of the Bay. Loewe (1966) suggests the same relationship for 
winter temperatures. 

McKenzie (1968) states that the position and intensity of low 
pressure areas in the Gulf of Alaska control the weather in south
east Alaska. The winds generated by these lows cause prevailing 
winds to be from the south and southeast. They come in from the 
North Pacific and carry abundant moisture and precipitation to this 
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TABLE 1 

Mean monthly temperatures (°F) and mean monthly total precipitation (inches) for four 
stations in southeast Alaska. 

i — i 

Cn 

JAN FEB MAR APR 
Temp Prec Temp Prec Temp Prec Temp Prec 

Cape Spencer 30.6 7.42 33.2 8.09 34.4 7.42 39.4 6.68 
Glacier Bay 25.9 6.90 30.3 5.53 32.9 3.83 38.5 3.21 
Haines Terminal 21.7 3.26 30.2 4.49 32.6 2.38 40.1 2.66 
Linger Longer 7.9 1.94 20.8 3.43 26.7 1.77 36.2 1.71 

MAY JUNE JULY AUG 
Temp Prec Temp Prec Temp Prec Temp Prec 

Cape Spencer 44.1 6.59 48.8 3.65 ' 51.9 5.55 52.6 7.01 
Glacier Bay 44.5 3.65 50.7 3.61 54.3 3.82 53.5 5.41 
Haines Terminal 47.0 2.52 53.9 1.10 57.0 1.47 56.7 2.89 
Linger Longer 44.0 1.71 51.8 0.91 54.0 1.01 54.6 2.24 

SEPT OCT NOV DEC 
Temp Prec Temp Prec Temp Prec Temp Prec 

Cape Spencer 49.3 11.68 42.7 15.50 35.8 8.62 31.9 9.67 
Glacier Bay 48.3 8.25 41.3 12.64 33.1 6.79 28.8 6.46 
Haines Terminal 50.2 4.26 41.9 10.27 31.3 5.09 26.1 4.53 
Linger Longer 46.9 2.72 36.3 6.77 22.5 3.36 14.4 3.07 

From U.S. Climatological Data, the U.S. Dept. of Commerce. 



TABLE 2 

Monthly extremes in temperature (°F) and total monthly precipitation (inches) for four stations 
in southeast Alaska in 1972. 

o> 

Cape Spencer 
Glacier Bay 
Haines Terminal 
Linger Longer 

Cape Spencer 
Glacier Bay 
Haines Terminal 
Linger Longer 

Cape Spencer 
Glacier Bay 
Haines Terminal 
Linger Longer 

Cape Spencer 
Glacier Bay 
Haines Terminal 
Linger Longer 

Max 
27.5 
24.9 
22.5 
12.8 

Max 
38.9 
38.3 
43.2 
42.3 

Max 
57.8 
65.9 
70.5 
63.3 

Max 
45.5 
44.2 
-

41.3 

JAN 
Min 
22.4 
15.4 
9.9 
-3.4 

APR 
Min 
33.4 
29.6 
27.2 
19.7 

JULY 
Min 
48.5 
47.2 
51.0 
36.8 

OCT 
Min 
39.2 
33.5 
-

23.6 

Prec 
5.32 
8.91 
4.02 
0.11 

Prec 
6.06 
2.87 
3.78 
1.15 

Prec 
3.90 
1.79 
0.13 
0.62 

Prec 
13.27 
10.89 
-
3.46 

Max 
31.2 
27.0 
25.5 
21.5 

Max 
-

48.3 
56.3 
57.0 

Max 
54.9 
59.4 
61.5 
64.4 

Max 
41.5 
39.2 
40.6 
33.4 

FEB 
Min 
25.4 
19.0 
13.7 
0.0 

MAY 
Min 
-

40.6 
37.5 
29.4 

AUG 
Min 
49.2 
47.0 
49.7 
42.0 

NOV 
Min 
37.4 
32.7 
30.1 
19.4 

Prec 
3.59 
4.80 
3.78 
0.22 

Prec 
-

1.92 
1.28 
1.55 

Prec 
14.96 
10.76 
7.03 
4.85 

Prec 
8.54 
7.82 
6.13 
1.69 

Max 
33.4 
31.6 
-

32.8 

Max 
51.0 
56.2 
59.8 
63.5 

Max 
51.2 
53.0 
54.2 
56.0 

Max 
36.1 
31.4 
28.6 
22.5 

MAR 
Min 
28.4 
24.1 
-

14.3 

JUNE 
Min 
44.0 
42.3 
44.6 
37.0 

SEPT 
Min 
45.9 
41.7 
42.2 
34.8 

DEC 
Min 
30.9 
23.5 
19.6 
6.3 

Prec 
7.92 
5.28 
-

1.40 

Prec 
3.99 
2.46 
0.82 
0.47 

Prec 
11.79 
7.11 
1.71 
0.12 

Prec 
6.54 
6.55 
2.48 
0.42 



part of Alaska. During late May and early June, the position of 
the Aleutian Low shifts to the north and west. This causes May to 
be the month with the most clear or partly cloudy days. May has an 
average of 12 such days (Streveler and Paige, 1971). 

Streveler and Paige (1971) indicate that summer days often 
have overcast skies, mist, rain, and cool temperatures. In the 
fall, the Pacific High becomes important in weather patterns in 
southeast Alaska. As the High moves north in late summer, it 
strengthens the westerly onshore flow of air and causes September, 
October, and November to be the months of maximum precipitation. 

During the winter, there are periods when southeast winds 
bring rain or snow and moderate temperatures. Occasionally, cold 
air masses from the north bring clear, harsh winter conditions. 
Snowfall is said to average about 4 m/yr, but owing to winter 
rains, snow rarely accumulates to more than 1.5 m at sites near sea 
level (Streveler and Paige, 1971). 

Bedrock Geology 

Southeast Alaska is composed of nine separate fault-bounded 
tectonostratigraphic terranes and several of these occur only in 
this region (Berg, 1979; Berg and others, 1978). The terranes 
trend north-northwest, and each is characterized by a distinct 
stratigraphic sequence and structural history. According to Berg 
(1979, p. B116), the gross differences between adjacent terranes 
"imply juxtaposition by large-scale tectonic transport. This 
juxtaposition produced a mosaic of discrete tectonic elements that 
record a long and complex history of amalgamation and accretion to 
the continental margin of North America." 

The earliest rocks known to overlap any two terranes are 
Permian in age; thus, amalgamation had begun by Permian time. 
Rocks of Late Cretaceous age are the youngest to be regionally 
penetratively deformed. Apparently, the major episode of accretion 
occurred during or just prior to this time. Redistribution of 
terrance along major fault zones, Cenozoic intrusion and thermal 
metamorphism, and local deposition of continental volcanic and 
sedimentary rocks have occurred since amalgamation of the terranes 
(Berg, 1979). 

Three of the nine terranes are known or suspected to be pre
sent within Glacier Bay National Park From east to west, they are 
the Alexander terrane (Craig subterrane of Berg and others, 1978), 
Wrangellia (or Wrangell terrane), and the Chugach terrane. In 
addition, two more terranes, the Gravina-Nutzotin Belt and the Taku 
terrane, are present a few tens of kilometers to the east of the 
Park (Figure 3). 
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Figure 3. Tectouo-stratigraphic terranes near the study area, 
after Berg, 1979. 
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Rocks of the Alexander terrane comprise most of the bedrock in 
the Park and all of the bedrock in the study area. The base of the 
section is not exposed in the region, but over 7,000 m of Middle 
Silurian to Upper Devonian limestone and argillite have been meas
ured (Rossman, 1963; Seitz, 1959; Loney and others, 1975). Rocks 
to the north of this middle Paleozoic section (and assumed to be of 
similar age) contain far more volcanics (MacKevett and others, 
1971). The terrane is interpreted to represent part of a lower and 
middle Paleozoic magmatic arc sequence (Berg and others, 1972). 

Intrusive igneous rocks of Mesozoic and perhaps Tertiary age 
dominate the northern and western parts of the Alexander terrane in 
the Park. Most of these rocks are mesozonal foliated granitic 
bodies of diorite, and granodiorite. Pervasive metamorphism asso
ciated with the intrusives render stratigraphic interpretation of 
the sedimentary section difficult. 

Wrangellia is a name derived from the Wrangell Mountains, and 
was given to an apparently allochthonous block of subcontinental 
dimensions by Jones and others, (1977). Brew and Morrel (1979a) 
suggest that a zone of structurally and stratigraphically complex 
geology 5-12 km wide and 100 km long extending from Tarr Inlet to 
Taylor Bay belongs to this terrane. The sequence consists of 
phyllite, slate, conglomerate, chert, greenstone, greenschist, and 
marble that are interpreted to be Permian and/or Triassic in age. 
Jurassic and Cretaceous granitic rocks invade both the Alexander 
and Wrangell terranes, suggesting that perhaps by Jurassic, and at 
least by middle Cretaceous time, the two terranes had been joined. 
The plutons do not intrude rocks of the Fairweather region; how
ever, middle Tertiary granitic rocks occur in the Wrangell terrane 
and bordering terranes, and suggest that within the Park the west
ern contact of the Wrangell terrane is post-Late Cretaceous and 
pre-middle Tertiary in age (Brew and Morrel, 1979a). 

Rocks of the Fairweather Range and coastal area exposed west 
of the Border Ranges Fault comprise the Chugach terrane. The 
stratigraphic sequence is similar to and continuous with a sequence 
of graywackes, schists, and amphibolites north of the Park that are 
known to be Cretaceous in age. Similar rocks of Jurassic and 
Cretaceous age also occur to the south (Rossman, 1963; Brew and 
Morrel, 1979b). These rocks are interpreted to be a metamorphosed 
turbidite sequence that probably spans all of the Cretaceous. 

Thick bodies of layered gabbro make up the high peaks of the 
Fairweather Range. They are underlain by the Cretaceous sequence 
mentioned above. Low strontium 87/86 ratios (Brew and others, 
1977), internal layering, and stratigraphic position of the gabbros 
support the idea that they represent slices of oceanic crust tec-
tonically implaced in the metamorphosed sequence as it was accreted 
to the continent during subduction. Regional mapping and internal 
structures suggest an intrusive origin (Brew, 1983, per comm.) 
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West of the Fairweather fault, nearly 4,000 m of Oligocene to 
Pliocene marine (including marine tillite of the Yakataga Fm.) and 
non-marine clastic and volcanic units unconformably overlie the 
Mesozoic basement (Miller, 1961; Plafker, 1967; MacKevett and 
others, 1971). These rocks are generally simply folded and often 
steeply dipping. Several north-northwest trending faults cut the 
folds. 

Dominent north-northwest trending fault zones and subsidiary 
east-west trending zones within all terranes appear to control the 
position of the fjords of the Park (Twenhofel and Sainsbury, 1958). 

Economic Geology 

A number of mineral surveys have been carried out in the area 
occupied by Glacier Bay National Park (see Rossman, 1959 and 
Mackevett and others, 1971 for extensive summaries). Metallic 
mineral deposits are the most important geological economic re
sources of the Park. Brew and others (1979) provided locations of 
six important mineral deposits with identified resources. Nine 
general areas that have undiscovered speculative resources were 
also identified by these authors. Nickel, molybdenum, copper, 
zinc, and gold are the elements of greatest economic interest. 

Areas marked (A) in Figure 4 indicate Pacific beach sands that 
have produced placer gold. Area (B), the Crillon-La Perouse area, 
includes the Brady Glacier magmatic nickel-copper deposit (1). The 
Mount Fairweather area (C) is inferred to have an ore environment 
and resources similar to area (B). Area (D) includes the Margerie 
Glacier porphyry-copper deposit (2) and the Orange Point volcano-
genie sulfide deposit (3). Copper, silver, gold, and zinc are the 
important elements present. The Reid Inlet area (E) has produced 
gold from vein deposits (4), and the Rendu Glacier area (F) in
cludes the "massive chalcopyrite" skarn deposit (5) with tungsten, 
copper, silver, and gold. Area (G) contains the Nunatak porphyry-
molybedenum deposit (6) which has molybdenum and copper. Area (H) 
in the Takhinsha Mountains contains speculative molybdenum and 
copper resources and also speculative copper-zinc resources in a 
volcanogenic environment. 

A similar volcanogenic environment, the White Glacier area 
(I), contains unquantified speculative zinc and copper resources 
(Brew and others, 1979). 

Glacial Geology 

The glacial stratigraphy of the Muir Inlet region is the best 
described and the best known in the Park All of the deposits are 
Wisconsin or Holocene in age. Goldthwait (1963; 1966) has 
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Figure 4. Economic mineral deposits (numbered triangles) and areas 
of known or suspected economic potential (shaded areas 
with letters) in Glacier Bay National Park,after Brew 
and others, 1979. See text for further explanation. 
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given a general discussion of the history represented by them, and 
detailed field studies have been completed for Muir Inlet 
(Haselton, 1966; 1967), Adams Inlet (McKenzie, 1968; 1970), and 
Wachusett Inlet (Mickelson, 1971). A composite stratigraphy 
(Figure 5) for this part of the Park is outlined below. Much of 
the nomenclature derives from the work of Haselton and McKenzie. 

The oldest glacial unit recognized is a compact dark gray, 
loam till that contains abundant pebbles and boulders. It is 
usually found on bedrock where it is exposed. McKenzie (1968) 
proposed the name Granite Canyon Till for this unit. It is older 
than 11,000 yrs B.P. The furthest advance of Late Wisconsin ice in 
Glacier Bay probably occurred about 15,000 yrs B.P. (McKenzie and 
Goldthwait, 1971). The Muir Formation (Haselton, 1966), a till in 
Muir Inlet, is probably correlative to the Granite Canyon Till, 
although pebble counts indicate that the two were derived from 
separate flow systems (McKenzie, 1968). 

Marine invasion of low-lying areas took place upon retreat of 
Wisconsin ice, and the resulting marine deposits are named the 
Forest Creek Formation (Haselton, 1966). These are blue-gray 
laminated fossiliferous silts and clays. 

The deposits are generally one to a few meters thick, and 
contain shelly remains of shallow water pelecypods and gastropods. 
McKenzie and Goldthwait (1971) suggest an age of 11,000 yrs B.P. 
for this unit. It occurs from 3 to 59 m above sea level in the 
Muir Inlet region. Derksen (1976) has found similar deposits west 
of Taylor Bay. They also occur east of Gustavus (Brew, in McKenzie 
and Goldthwait, 1971), and Post (unpublished data) has dated shells 
from a deposit at Ptarmigan Point in the West Arm at about 13,000 
yrs B.P. Wisconsin ice probably had withdrawn from the fjords of 
the Park by 13,000 yrs B.P., and certainly by 11,000 yrs B.P. 

Haselton (1966) postulated a Late Wisconsin readvance of ice 
in Muir Inlet, based on the occurrence of a diamicton above the 
Forest Creek Formation at the Forest Creek locality. McKenzie 
(1970) has argued that evidence from one site is not enough to 
prove that a readvance took place. He suggested that the strati-
graphic position of the Muir Formation at this site and the leach
ing of carbonates from the till indicate weathering and mass move
ment of nearby pre-Forest Creek till down onto the marine sedi
ments. 

Goldthwait (1963; 1966) suggests that the fjords of the Muir 
Inlet region began to fill with outwash after the retreat of Wis
consin ice. Minimal terminal positions were likely reached by the 
glaciers between 7,000 and 4,000 yrs B.P. (the so-called Hypsither-
mal interval) when temperatures were probably slightly warmer than 
at present. 

The rate of deposition of Hypsithermal gravels has already 
been discussed. 
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Figure 5. Generalized glacial stratigraphic section for the Muir 
Inlet region, see text for explanation. 
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Haselton (1966) termed these gravels the lower member of the 
Van Horn Formation. They are generally poorly sorted and poorly 
bedded yellow-brown gravels from a few to nearly 60 m in thickness. 
They built to present sea level about 7,000 yrs B.P. (McKenzie and 
Goldthwait, 1971). Isolated stumps and forest beds occur within 
these gravels and have been used both to date them and to define 
the composition of the Hypsithermal forests (c.f. Goldthwait, 1963; 
1966; Cooper, 1937). 

Above the oxidized gravels of the lower member are finer-
grained sands, silts, and clays that are assigned to the middle 
member of the Van Horn Formation (Haselton, 1966). They are inter
preted as having a lacustrine origin, and they are usually one to 
several meters thick. As previously mentioned, it has been sug
gested that lacustrine deposition began sometime between 4,400 and 
3,400 yrs B.P. and continued to as late as 1,700 yrs B.P. The 
similar dates bracketing lake sediments at widely separated locali
ties led Goldthwait (1963) to suggest that they had formed in one 
large ice-dammed lake when ice from the West Arm blocked Muir 
Inlet. The isolated occurrences and sometimes varied stratigraphic 
position of the sediments have suggested to some that they formed 
in lakes ponded locally by outwash fans (for example Haselton, 
1966). 

Within Muir Inlet, 3 to 75 m of fairly well-bedded, poorly-
sorted, light-colored gravels overlie the lacustrine member. This 
is the upper member of the Van Horn Formation (Haselton, 1966). 
Haselton (1966) and Goldthwait (1966) both suggest that these 
gravels were deposited as ice advanced into the region, and outwash 
"was spread in front of the glaciers. Haselton (1966) indicates 
that this upper outwash was building into Muir Inlet from about 
2,300 yrs B.P. to 1,700 yrs B.P. 

The stratigraphy in Wachusett Inlet is similar to that in Muir 
Inlet (Mickelson, 1971); but in Adams Inlet, McKenzie (1968) did 
not recognize the middle or upper members of the Van Horn Forma
tion. The oldest dates on lower Van Horn gravels in Adams Inlet 
are about 3,800 yrs B.P. McKenzie (1968) suggests that the older 
parts of the lower member are below sea level. The oxidized gra
vels here are overlain by thick (up to 66 m) lacustrine deposits of 
the Adams Formation which are, in part, time equivalent to the 
upper Van Horn gravels of Muir Inlet. Lake damming began after 
1,700 yrs B.P. McKenzie (1970) also Indicated that the lake was 
probably initially dammed by outwash in Muir Inlet, although the 
source of the ice responsible for the outwash was not known to him. 
He assigned the outwash, deltaic and fluvial sediments stratigra-
phically above the Adams Formation to the Berg Formation. This 
unit is up to 100 m thick. Deposition is said to have begun about 
840 yrs B.P. 

All Neoglacial till and ice-contact deposits are assigned to 
the Glacier Bay Formation (Haselton, 1968; McKenzie, 1968). The 
till Is a gray bouldery to pebbly sand loam as much as 30 m thick, 
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that shows little oxidation or leaching. It is, of course, dia-
chronous and began to be deposited in Reid Inlet as long ago as 
4,700 yrs B.P. (Goldthwait, 1966). In Wachusett Inlet, till began 
to form at 2,700 yrs B.P., and ice overrode a tree high on White 
Thunder Ridge at 2,100 yrs B.P. Ice from Casement Glacier reached 
within 2 km of Muir Inlet at 1,440 yrs B.P. (Haselton, 1966), and 
parts of Adams Inlet were glaciated as recently as 200-300 years 
ago (McKenzie and Goldthwait, 1971). 

Outwash deposits in Adams Inlet that are still forming have 
been assigned to the Seal River Formation (Goldthwait, 1966). In 
some low areas, up to 30 percent of the land surface is covered by 
these deposits (McKenzie and Goldthwait, 1971). 

The glacial geology of much of the rest of the Park is less 
well known. Derksen (1976) and Bengtson (1962) worked on the 
chronology of Brady Glacier. Neither formally named glacial units, 
although Derksen employed a number of radiocarbon dates to con
struct a detailed history of Holocene ice advance, which will be 
discussed later. Deposits in the inlets of the southwestern part 
of Glacier Bay, in the Beartrack Valley, and in the West Arm of the 
Bay are known only from reconnaissance studies (Goldthwait, 1963; 
1966). 
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SEDIMENTARY SETTING 

Sediments in Muir and Wachusett Inlets that have been assigned 
to the middle member of the Van Horn Formation (Haselton, 1966; 
Mickelson, 1971) generally overlie coarse oxidized gravels of the 
lower member of the Formation. A very sharp contact usually separ
ates the two. The fine-grained clastic sediments of the middle 
member are interpreted as lacustrine in origin (Haselton, 1966), 
and they often contain primary sedimentary structures that suggest 
rapid deposition, often from suspension. Load casts, flamestruc-
tures, graded beds, and climbing ripples were observed in many 
outcrops. Dropstones were observed in all exposures, and it is 
believed that all of the sediments were deposited in lakes formed 
behind ice-dams, or into which bergs were discharged. 

Detailed observations of the finest-grained sediments were 
made in order to attempt to correlate the deposits from one outcrop 
to another. A number of problems complicated this endeavor. All 
of the sediments were overridden by glacier ice, and evidence of 
former shorelines has been eroded. In addition, exposures of 
lacustrine sediments are ephemeral, and as long ago as 1923, Cooper 
recognized the need to study the deposits before mass wasting and 
plant colonization covered them from view. In the course of this 
study, exposures were seen to change in character on a year-to-year 
basis as slumping and debris and/or mud flows removed material from 
outcrops or partially buried exposures. The availability of ade
quate exposures greatly influenced the distribution of study sites. 

Besides the bias introduced by the availability of outcrops, 
an additional and related bias was introduced by glacial erosion of 
most of the sediment that had been deposited in Muir Inlet and its 
tributaries prior to Neoglacial ice advance. Lacustrine exposures 
are usually found at localities near bedrock knobs in areas that 
were protected from erosion by glacier ice. High energy mountain 
streams have incised the unconsolidated sediments at many places, 
and lacustrine deposits have been exposed at a few sites. Rhythmi
cally bedded sediments consisting of silt-clay couplets comprise 
the most distinctive lacustrine sediments. At most sites (Figure 
6), couplets usually have thick silt layers much greater in thick
ness than their overlying clay layer. Such a configuration has 
been cited by Ashley (1975) as evidence of deposition near the 
source of sediment input to a lake. Thus, most exposures studied 
were probably deposited near the mouths of streams, perhaps near 
deltas that prograded into the Neoglacial lakes. Distal sediments 
with thin silts and relatively thicker clays were rare in the Muir 
Inlet region. They were most likely deposited in the middle of the 
lakes (middle of the present fjords) or at least away from inflow
ing streams, and most distal sediments were removed by overriding 
Neoglacial ice. 
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Figure 6- Map showing sites where "varve" chronologies were 
obtained. 
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All of the lacustrine sediments of the Muir Inlet region are 
similar to one another in mineralogy and pollen content, as de
scribed in other chapters of this report. Sediments exposed in 
Adams Inlet (Adams Formation) are generally younger than the middle 
Van Horn Formation of Muir and Wachusett Inlets, but they are very 
similar in physical appearance, mineralogy , and pollen content. 

Lacustrine sediments have been reported as far north in Muir 
Inlet as the McBride Glacier (Powell, pers. comm.). They are 
exposed as far south as Point George on the east side of the inlet. 
South of Point George on the west side of the Inlet, the lacustrine 
member of the Van Horn Fm. pinches out. The sediments that are 
present there are sheared and thrust to the north as if they had 
been overridden by northward moving ice. In addition, the upper 
Van Horn gravels appear to slope to the north. These factors 
suggest an ice dam and a sediment source across the mouth of Muir 
Inlet. Such a damming event has also been suggested by Ovenshine 
(1967) on the basis of the distribution of gabbroic boulders in 
Glacier Bay that were derived from the Fairweather Range. 

Methods 

Records of the thicknesses of successive silt-clay couplets 
were obtained using a method modified from that of De Geer (1912) 
and Antevs (1925). These authors recorded thicknesses directly 
from the outcrop onto paper strips which were later measured In the 
laboratory. The great amount of precipitation in Glacier Bay 
precludes the use of paper as it swells when wet, and will gener
ally deteriorate under severe conditions. Instead of paper, long 
strips of plastic-fiber banding-tape were used for recording pur
poses. This material was 15 ram wide by 0.5 mm in thickness. The 
fibers were stiff and had been fused, making the tape non-stretch
ing. 

Outcrops that were sampled were cleared with an entrenching 
tool, and smoothed with a steel brick-trowel. Smoothing allowed 
observation of the fine details of sedimentary structures. Once an 
outcrop was cleared, a strip of plastic-tape of appropriate length 
was fastened to the top of the outcrop. This was accomplished by 
punching a hole in the top of the tape with an ordinary paperpunch, 
and then securing the tape in place by pushing a 16-penny spike 
through the hole and into the outcrop. Figure 7 shows two tapes in 
place on an outcrop. 

A razor-blade was used to make a slit in the edge of the tape 
where a clay layer was in contact with an overlying silt layer. An 
indelible felt-tip marking pen was used to label the tapes and to 
record the angle of the outcrop from the horizontal (to calculate 
true thickness from the apparent thicknesses actually measured on 
the tapes). Other pertinent notes such as the position of distinc
tive sedimentary structures were also recorded directly on the 
tapes. 
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Figure 7. Plastic-fiber tapes pinned in place 
on the outcrop at site MA. 

These records were measured in the laboratory, and plots of 
couplet thicknesses spaced uniformly along one axis (Figure 8) were 
constructed for 18 outcrops (Appendix A). The plots were then 
compared to one another visually following the method of De Geer 
(1912). It was hoped that by finding matching records of thick and 
thin couplets, it would be possible to correlate sediments from one 
outcrop to another. 

In addition to the records of couplet thicknesses, detailed 
records of the stratigraphy of the entire fine-grained sequence, 
including sand bodies, were recorded at 11 sites (Appendix B) (most 
of the sites also yielded records of couplet thicknesses). These 
provide some insight into the nature of Neoglacial lacustrine 
sedimentation in the Muir Inlet region. 
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Figure 8. Plot of the thicknesses of silt-clay couplets for site 
W5 and the lower part of the rhythmically bedded portion 
of site Wl. Shading indicates segments where correla
tion between the two records is good. 
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Grain-size analyses were completed for some of the samples 
obtained for paleomagnetic analyses. Samples consisting of 10-15 
gm (air-dried weight) were wet-sieved on a 40-sized mesh. They had 
been disaggregated and dispersed overnight in Calgon solution 
(sodium hexametaphosphate) prior to sieving. The less than 40 
fraction was washed into a 1,000 ml graduated cylinder with dis
tilled water, and the volume was then brought up to 1,000 ml. The 
final concentration of dispersant was 0.5 gm/liter of suspension. 
Analyses were carried out by the pipette method (Galehouse, 1971) 
using a pipette stand constructed by R.D. Powell. 

A summary of the results of attempts to correlate deposits 
using thickness records, of results of grain-size analyses, and a 
description of stratification sequences in the Muir Inlet region 
will follow a brief review of sedimentation in glacial lakes. 

Mechanisms of Glaciolacustrine Sedimentation 

Interest in the nature of glaciolacustrine sedimentation was 
stimulated by the work of De Geer (1912) and Antevs (1925; 1951). 
These authors considered the distinctive silt-clay couplets charac
teristic of glaciolacustrine sediments to be annual in origin. 
They were able to suggest detailed chronologies for Late-Pleisto
cene ice retreat in Scandanavia and eastern North America prior to 
the advent of radiocarbon dating. These chronologies were based 
entirely on records of thicknesses of successive sediment couplets. 

De Geer (1912) named the couplets "varves", and the word 
implies an annual origin for these features. Ashley (1975) pointed 
out that the annual connotation implied by the term "varve" cannot 
always be proven, and she used the term "rhythmite" interchangable 
with "varve". Rhythmite is a descriptive term that denotes repeti
tion of alternating sediment layers or laminae of different tex
tures or structures. It implies nothing about the length of time 
required for deposition. Because the present author failed to 
prove conclusively that the silt-clay couplets in the Muir Inlet 
region are annual, the term rhythmite is favored in this report. 

De Geer (1912) suggested that the silt layers in his varves 
(usually graded or containing multiple graded beds) were formed as 
the result of deposition from sediment-laden underflows that oc
curred during the summer melt-season. The clay layers were said to 
represent the settling of the finest particles from suspension 
during the winter when sediment imput to a glacially influenced 
lake was small. This idea had been proposed earlier for glacio
lacustrine sediments in New England (Emerson, 1898). However, 
Antevs (1925; 1951) and Johnston (1922) suggested that because 
water near 0°C is less dense than water near 4°C, overflows of cold 
meltwater out over warmer pro-glacial lake water should occur. 

According to their ideas, predominantly silt-sized material 
rained from upper lake waters during the summer melt-season when 
stream competence was great. Clay deposition occurred in the 
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winter, as in the De Geer model, when stream flow slackened. This 
theory fails to take into account the density of the sediment with 
which inflowing water is charged. 

Most workers now subscribe to the ideas of De Geer and 
Emerson. Using theoretical and physical models, Kuenen (1951) 
concluded that graded beds such as those found in varves were 
probably the result of deposition from turbidity currents. Strati-
graphic and hydrodynamic studies (Latjai, 1967; Jopling and Walker, 
1968; Agterberg and Banerjee, 1969; Banerjee, 1973; Stanley, 1974; 
Ashley, 1975; Harrison, 1975; Shaw, 1975; Shaw, 1977; Shaw and 
Archer, 1978) have emphasized the role of gravity-induced density 
underflows in glaciolacustrine deposition. 

Physical limnologic studies of river-dominated lakes, includ
ing some lakes influenced by glacier-derived runoff (Mathews, 1956; 
Houbolt and Jonker, 1968; Fulton and Pullen, 1969; Gustavson, 1975; 
Gilbert, 1975; Sturm and Matter, 1978; Hamblin and Carmack, 1978; 
Pharo and Carmack, 1979; Killworth and Carmack, 1979; Carmack and 
others, 1979), suggest that density underflows are common in such 
lakes. 

The important factor that determines whether inflowing water 
will enter a lake as an underflow, an interflow (flowing into the 
body of the lake as a spreading plume above the lake bottom and 
below its surface), or as a surface overflow is the density con
trast between the two bodies of water. 

Gustavson (1975) has described the physical limnology of 
Malaspina Lake, a large proglacial lake in southeastern Alaska. 
During the summer when observations were made, the lake was found 
to be density stratified with respect to suspended sediment con
tent, but not with respect to temperature. Surface water was 
nearly 4°C, and water at the lake bottom was as cold as 0.3°C. 

Inflowing streams highly charged with sediment entered 
Malaspina Lake as underflows (continuous turbidity currents). 
Streams entered as interflows if their suspended load fell between 
the maximum and minimum suspended load values for lake water, and 
overflows occurred where inflowing water had a suspended load less 
than that of the lake water. Gustavson observed all three types of 
flows in Malaspina Lake, but attributed the graded (normal and 
reverse) and rippled coarser-grained parts of "varves" that he 
observed in sediment cores from the lake bottom, as the result of 
deposition from density underflows. Clay layers were said to be 
deposited by the settling of fine particles from suspension 
throughout the winter (Gustavson, 1975, p. 261). Similar conclu
sions have been arrived at by other authors (Gilbert, 1975; Ashley, 
1975); although Pharo and Carmack (1979) suggest that graded beds 
can also form as the result of deposition from interflows. 
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Hamblin and Carmack (1978) observed and modeled the passage of 
a strong river into a stratified fjord-lake (Kamloops Lake, British 
Columbia). River-induced currents influence and may dominate cir
culation patterns within such lakes. These authors concluded that 
predictions of stream behavior based on jet-theory (Batemen, 1953; 
Wright, 1977) are inadequate for stratified lakes. Specifically, 
the model of a round, turbulent jet entering a homogeneous body of 
water predicts too much entrainment of still water by the jet. 
Hamblin and Carmack modeled a "quasi-three dimensional, turbulent 
plume flowing into a rotating stratified body." Dense sediment-
charged river water enters a lake and behaves like a sinking plume. 
Water turbidity decays as lake water is entrained (the rate of 
decay is proportional to the sediment concentration or turbidity), 
and if turbidity decreases to a value such that plume-water is 
equal in density to lake water, the plume separates from the bot
tom, spreads horizontally, and is subject to strong Coriolis ef
fects. Entrainment of lake water becomes less important, and the 
flow is quickly deflected toward the right-hand shore of the lake. 

In this situation, coarse material is deposited rapidly at the 
point of entry of the stream into the lake, and a delta progrades 
into the lake. Fine sediment is transported into the body of the 
lake by the horizontally spreading plume, and is deposited (rapid
ly) only after it exits the base of the turbulent plume and enters 
the relatively still hypolimnion (Pharo and Carmack, 1979). 

A discontinuous influx of sediment could give rise to individ
ual graded beds within summer silt layers. In fact, Sturm (1978) 
has suggested that discontinuous sediment influx into a lake while 
it is stratified (and assuming stratification is seasonal) is the 
only way to obtain "classical varve" couplets. Thus, both discon
tinuous density underflows (turbidity currents) and discontinuous 
interflows can explain multiple graded beds in rhythmically bedded 
lacustrine sediments. 

Rhythmically bedded silt-clay couplets are the end of a con
tinuous spectrum of sedimentary deposits that begin with the out-
wash stream, generally pass through the lacustrine delta, and end 
with lacustrine deposits (Fulton and Pullen, 1969; Gustavson and 
others, 1975; Shaw, 1975; Killworth and Carmack, 1979). 

Where sub-ice channels empty into standing water, coarse esker 
deposits may grade laterally and distally into rhythmically bedded 
deposits (De Geer, 1912; Agterberg and Banerjee, 1969). 

No sub-ice channel deposits were identified in the Neoglacial 
deposits of the Muir Inlet region. In many cases, not enough 
lateral exposure was available to evaluate the geometry of the 
depositional systems responsible for the lacustrine sequences, and 
in the one instance where the geometry was well preserved, deposi
tion was from the outwash stream-delta-lake system. 
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Within such systems, the contrast in grain-size between the 
various deltaic environments will determine whether or not primary 
sedimentary structures and stratification sequences will differ 
greatly from environment to environment (Gustavson and others, 
1975). Where grain-size differences are small, as in the case of 
fine-grained outwash prograding into a lake, stratification se
quences will be similar in all environments. In extreme cases, a 
lack of coarse sediment can cause a lack of foreset bedding on 
deltas and the creation of stable vertically aggrading distributary 
channels (Smith, 1975). 

Sequences in the Muir Inlet region do not appear to have 
lacked coarse-grained material, and the one complete sequence 
discussed below consists of a Gilbert-type delta (Gilbert, 1885; 
Stanley and Surdam, 1978) that prograded into an ice-marginal lake. 

Sediment Deposition in the Neoglacial Lakes of the Muir 
Inlet Region 

The response of local streams to the development of Neoglacial 
lakes appears to have depended upon whether or not sedimentation at 
a site was great enough to keep pace with rising lake waters. It 
is suggested that lacustrine sediments that consist of coarsening 
upwards sequences indicate that sedimentation was rapid enough to 
cause prograding delta systems to develop. Fining upwards sequen
ces were deposited where sedimentation was too slow to keep pace 
with deepening lake water. 

As discussed in the section on glacial geology, oxidized, 
poorly-sorted gravels usually form the substrate upon which lacus
trine sediments were deposited. These gravels are interpreted as 
outwash deposits that prograded into the fjords of the Muir Inlet 
region during the Hypsithermal, and aggraded to the point of fil
ling the Inlet and its tributaries. Where they have been dated In 
Muir and Wachusett Inlets, they range in age between about 7,000 to 
3,000 yrs B.P. In Adams Inlet, similar gravels are as young as 
1,700 yrs B.P. Whatever their age, lacustrine sediments are very 
much alike from site to site. 

Specific descriptions of two sites believed to represent 
typical examples of Neoglacial lacustrine deposition are discussed 
next. 
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Adams Valley Delta (A Coarsening Upwards Sequence) 

A small Gilbert-type delta that prograded away from glacier 
ice into an ice-marginal lake that was on the order of 100-150 m 
deep is partially preserved in Adams Valley on the south side of 
Adams Inlet (Figures 9 and 10). The georaorphic form of a portion 
of the delta escaped later glacier overriding. 

Apparently, Neoglacial ice advanced from the southwest into 
Adams Inlet. This blocked local drainage and formed a lake. As 
ice advanced, it was pinned on the bedrock highs on either side of 
the mouth of Adams Valley (northwest edge of the facies map, Figure 
9). Coarse to fine outwash rapidly prograded away from the ice and 
into the lake (McKenzie, 1968). No collapsed bedding that would 
suggest deposition of gravels against glacier ice was observed, but 
McKenzie (pers. comm.) reported seeing such features on the north
west side of the delta in 1966-1967. 

The top of the delta is roughly 200 m in elevation. This 
certainly represents a rough limit to the elevation of former lake 
level in Adams Valley. The outlet to this lake is not preserved. 
No col low enough to have served as an outlet occurs in the upper 
reaches of Adams Valley. McKenzie (1968) suggested subglacial, 
englacial, supraglacial drainage, or some combination of these. 
However, it seems unlikely that a free ice-face was present along 
the northwest lake shore for any length of time. Deltaic sediments 
probably flanked the entire ice-margin, but lacustrine outflow may 
have kept an outlet open to the northeast. 

The facies map (Figure 9) suggests thicker sediments on the 
west side of the delta. This may have been the result of Coriolus 
effects, of a drainage way to the northeast, or of later glacier 
erosion. Well-sorted sands that contain some gravel lenses and 
large trough and planar crossbeds (Berg Formation of McKenzie, 
1968) occur in abundance along the south side of Adams Inlet and in 
Endicott Gap at the southeast end of the Inlet (c.f. McKenzie, 
1968, Figure 2). These deposits generally cover lacustrine rhyth-
mites of the Adams Formation. Cursory observations of transport 
directions indicated by crossbeds within Berg Formation sediments 
suggest that ice-marginal streams carried sediment to the east, and 
that Endicott Gap may have acted as the ultimate outlet for the 
lake or lakes in Adams Inlet. 

Bedrock is not exposed in the Endicott Gap region. Neoglacial 
lacustrine, ice-contact stratified drift, and outwash that are all 
younger than the Berg Formation cover the drainage divide. The 
divide is now some 30 to 40 m higher than the top of the delta in 
Adams Valley, but this difference may be the result of the deposi
tion of thick post-delta sediments. In part, the difference is 
probably a function of the removal of the topmost sediments of the 
delta by overriding glacier ice. 

36 



Figure 9. Map of the surficial geology near and the sedimentary 
faries of the Adams Valley delta. 
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Figure 10. Composite stratigraphic section through Adams Valley 
delta. The letters refer to sites shown in figure 9. 
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Figure 9 shows a simple facies map for the delta. Topset and 
foreset beds are present near the top of and in gullies that are 
actively dissecting the delta. Good exposures also occur along the 
bottom of Adams Valley where rhythmically-bedded lacustrine sedi
ments are undercut by lateral migration of channels of Adams River. 
Large alluvial fans cover most of the flanks of the delta. Figure 
10 shows, schematically, two measured sections that represent 
topset and foreset deposits, and bottomset and rhythmic lacustrine 
sediments respectively. 

Topset Beds 

Topset beds consist of stacked and overlapped horizontal lens-
or wedge-shaped bodies of coarse sediment 0.5 - 2 m in maximum 
thickness (Figure 11). The lenses are tens of m wide, and often 
many tens of ra long. A cobble layer one or two clasts thick often 
forms the base of such a lens. Clasts 20-40 m in longest dimension 
commonly make up the layers, and clasts often show rough imbrica
tion. Individual beds generally fine upwards into coarse to fine 
gravel. This gives a general Impression of normal graded bedding, 
although reverse grading does occur. Coarse clasts are in frame
work support, and a medium to coarse sand-matrix usually fills the 
voids between the clasts. 

Finer-grained beds also occur. Many are composed of coarse 
sand to granule-sized material that is roughly horizontally strati
fied, and that contains abundant floating clasts of coarse gravel 
or fine cobble size (Figure 12). 

Elongate, wedge-shaped bodies of medium-grained sand often 
occur on top of coarser-grained deposits. These usually contain 
small-scale, current-ripple, cross-laminations 2-4 cm in height. 
Epsilon crossbedding (Allen, 1970) is seen rarely and where ob
served, it contains reactivation surfaces, climbing bedding, and it 
laps onto fine to coarse gravels (Figure 13). Sand bodies are 
usually only 10-20 cm thick. 

The overall aspect of the deposits suggests that they were 
deposited in a braided stream environment where flow was often in 
the upper flow regime and was capable of transporting large clasts. 
Coarse deposits represent deposition by traction and from suspen
sion on bar tops, distal bar margins, small, shallow channels, or 
as overbank sediments (Fahnestock, 1963; Williams and Rust, 1969; 
Rust, 1972; Boothroyd and Ashley, 1975; Rust 1978). 

Foreset Beds 

Foresets underlie topset beds, and a marked erosional contact 
separates the two (Figure 14). The foresets dip at maximum angles 
on the order of 15-25° where they meet overlying topsets. Concave 
erosional surfaces with dip angles up to 30° truncate some foresets 
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Figure 11. Horizontal coarse clastic topset beds of Adams Valley 
delta. The largest clasts are 20-40 cm in longest 
dimension. 

Figure 12. Floating pebbles in 
normally graded topset 
beds. 
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Figure 13. Epsilon crossbedding with reactivation surfaces, found 
in topset beds. Flow was oblique to the right coming 
out of the photo. The sands lap onto gravel to the 
left. 

Figure 14. View northeast of the contact between topset and the 
foreset beds of Adams Valley delta. The area shown is 
site A of Figure 9. 
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just below their contact with topset beds. These surfaces have 
been preserved by rapid sedimentation over them, and they are 
interpreted to be slump scarps. 

The angle of dip of the foresets decreases down the delta face 
as does the grain size of the sediment comprising them. Foresets 
thin distally and sweep tangentially into bottoraset beds. Figure 
15 shows transport directions obtained from foreset beds and small 
scale ripples. 

Stratification sequences in the foresets are similar to those 
described for topsets. In general, clast sizes are smaller, and 
sand is more common in foresets than in topsets. Individual beds 
consist of broad sheets of fine- to medium-grained gravel 0.5 to 1 
m thick. Sheets of sand up to several tens of cm in thickness 
occur over most gravel units. These often contain simple, non-
repeated sequences of type-A climbing ripples (Jopling and Walker, 
1968) as shown in Figure 16. Within upper foresets, individual 
ripples are long and low, and have a low angle of climb. This 
suggests primarily traction transport and deposition of sediment, 
and relatively high flow velocities (Hopling and Walker, 1968; 
Harms, 1979). 

Occasionally, elongate, lenticular bodies comprised of cobble-
to coarse gravel-sized clasts were observed within the upper for
est beds (Figure 17). They are 4 to 5 m in maximum thickness, and 
up to 40 m in width. As in topset beds, a finer clastic matrix 
filLs the voids between framework supported clasts. The bodies dip 
down the face of the delta at the same angle as surrounding foreset 
beds, and they appear to fill channels scoured into pre-existing 
foresets. 

Apparently, high-energy streams issuing from distributary 
channels on the delta fed coarse, clastic sediment to channels that 
continued down the delta front. Rapid aggradation probably caused 
bars to form and channels to fill. The increased importance of 
coarse and medium sand deposition on the delta front suggests a 
rapid loss of energy by streams, especially near turbulent flow 
margins, as they entered the lake. Gravity flows probably con
tinued down the delta front in the manner described by Gustavson 
(1975) and Hamblin and Carraack (1978). The behavior of these flows 
was probably governed by turbidity contrasts with ambient lake 
water, bottom slope and friction, and entrainment of lake water 
(Middleton and Hampton, 1973). 

Bottomset Beds 

These consist of horizontal blankets of medium- to finegrained 
sand in 10 to 40 cm thick graded units (Figures 18 and 19). Climb
ing ripples comprised of fine sand often occur in sets 10 to 30 cm 
thick at the top of graded beds. Type-A climbing ripples are 
common, but type-B climbing ripples (Jopling and Walker, 1968) and 
draped laminations (Stanley, 1974; Gustavson and others, 1975) also 
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Figure 15. Rose-diagram of sediment transport directions on the 
Adams Valley Delta. 
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Figure 16. Low angle (type-A) climbing ripples within a sandy bed 
in foreset beds of Adams Valley delta. The ripples 
show up faintly on the cleared area. 

Figure 17. Thick body of clast-
supported channel-
cobbles enclosed by 
finer grained forest 
beds. 
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Figure 18. Horizontally stacked 
sandy bottomset beds 
southeast of site A 
of Figure 9. 

Figure 19. Climbing ripples and 
massive sand layers in 
proximal bottomset 
beds near site B of 
figure 9. Note the 
dropstone above and 
to the left of the 
lens cap. 
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occur. Less commonly, horizontally laminated sands and coarse 
silts are found above graded sands. Contacts between sedimentation 
units are sharp. 

The angle of climb exhibited by trains of climbing ripples 
often increases gradually upwards, suggesting a gradual decay in 
the strength of the flow responsible for sediment deposition. In 
other cases, fluctuations in the angle of climb were observed that 
suggest periodic fluctuations in flow strength. 

Load casts and flame structures are often developed in these 
beds, and their presence suggests rapid deposition of sand on 
finer-grained, water-saturated sediments. 

In many instances, sand layers appear to have massive bedding 
or only slightly graded bedding. Ripples were often initiated 
directly on the upper surface of the massive to graded sand bodies, 
and load casts developed at the base of the ripples. 

Clay layers 1 to 2 cm thick are found within bottomset se
quences. They commonly bound 6 to 12 massive to graded sand 
climbing ripple sequences. 

Whether the clays are annual or not is open to speculation. 
If they are, then only 6 to 12 major depositional flow events were 
recorded at any one site near the base of the delta front each 
year. 

The sequences of massive to slightly graded sand topped by 
climbing ripples are similar to partial Bouma sequences described 
by many authors from deep-sea fan environments (Chipping, 1972; 
Hendry, 1973; Normark, 1978; Walker, 1979). Beds with structures 
commonly found in the lower portion of the ideal Bouma sequence 
(Bouma, 1962) are often ascribed to deposition in proximal posi
tions within basins (Walker, 1967), and are often said to represent 
channel facies (Chipping, 1972). Mutti (1977) has described "thin 
turbidities" very similar to bottomset sequences of the Neoglacial 
Adams Valley delta that he found in Eocene deep-sea fan deposits in 
Spain. He suggests a channel-margin depositional environment for 
these beds. 

Shaw (1975) suggested that stacked horizontally bedded sand 
units found in the Okanagan Valley in Canada had their origin as 
deposits in distributary channels of glacial melt-water streams on 
or near deltas. Not enough observations were made to determine 
whether or not the bottomset beds of the Adams Valley delta re
present distributary channel deposits formed by gravity flows 
spreading away from the base of the delta. In terms of flow condi
tions, the massive to slightly graded sands appear to be the result 
of deposition from concentrated gravity flows, perhaps near the 
head or base of concentrated turbidity currents (Stauffer, 1967; 
Middleton and Hampton, 1973). 
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Climbing ripples immediately above the graded to massive sands 
indicate a rapid transition to less concentrated flow, perhaps the 
margin or tail of a turbidity current. Intervening horizontally 
bedded (Bouma B) units were not deposited. Concentrated turbidity 
currents that were generated by discontinuous river flow or by 
sediment slumping on the delta front probably decreased in velocity 
and/or spread laterally as they moved out onto the flat lake bot
tom. They deposited sandy sediment rapidly as their competence 
decreased. 

Figure 20 shows a positive print of an x-radiograph of a thin 
epoxy-resin peel obtained from a sequence of climbing ripples and 
overlying massive sand. Micro-laminae can be seen in the stoss-
and lee-side laminae of individual ripples, and slumped sediment is 
preserved on the lee-side of some ripples. These features may 
indicate rapid disquilibrium deposition of sediment (Stanley, 
1974). The rapid transition from Bouma A to Bouma C beds in the 
deltaic bottomsets is consistent with disequilibrium flow 
conditions. Laminae above the 'ripples (and interbedded with them 
in places) that dip at low angles in the direction of flow may 
represent foreset laminae of microdeltas. The formation of such 
structures in sequences of climbing ripples also suggests 
disequilibrium flow. 

Injection or load structures and roll-up structures can also 
be seen at the base of the massive sand unit near the top of the 
x-radiograph. They are overturned in the direction of flow as 
indicated by the underlying ripples (away from the delta front), 
and flows must have exerted a large amount of drag on underlying 
deposits. 

Distal bottomsets are difficult to distinguish from proximal 
lacustrine deposits. The distinction is largely arbitrary, and is 
based on the occasional presence of climbing ripples in distal 
bottoraset beds. In distal bottomsets, fine sand and coarse silt 
appear in graded units several to several tens of cm in thickness 
(Figure 21). Clay layers 1 to 2 cm thick appear every 0.5 to 1.5 m 
vertically. Clay rip-up clasts are present in both proximal and 
distal bottomsets and suggest a high degree of sediment reworking 
within these beds. 

Load structures are common in distal bottomsets, again indi
cating deposition of sand on water-saturated, finer-grained sedi
ment. 

Lacustrine Sediments 

These sediments are comprised of graded laminae (both normal 
and reverse) and some apparently structureless laminae of very fine 
sand and silt. Total thickness of the coarse part of a silt-clay 
couplet is usually several tens of cm. The coarse laminae probably 
represent deposition from distal, low-concentration turbidity 
currents. Clay layers are usually 2 cm or less in thickness, and 
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Figure 20. Positive print of an x-radiograph of a sediment peel 
obtained from the bottomset beds of Figure 19. Climb
ing ripples in the lower part of the print contain 
microlamlnations; and some have avalanche deposits on 
their lee sides. Microdeltaic deposits succeed the 
ripples, and traction deformation and injection struc
tures can be seen below the upper massive sand. Dark 
bands in the upper sand represent irregularities in 
peel thickness, not sedimentary structures. 
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Figure 21. Distal bottomset beds 
showing laminated 
sands and silts and 
load structures. 

Figure 22. Laminated silts 
and thick clays 
(light colored 
bands) in proximal 
lacustrine rhyth-
mites near site 
C of Figure 9. 
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30 to 50 graded or structureless laminae occur in the silt layers 
(Figure 22). This suggests that 30 to 50 flow events occurred at 
these sites between periods of clay deposition. If clay layers are 
annual features, the discussion on bottomset beds suggests that 
discrete flow events that deposited sediment on the delta front and 
on proximal bottomset depositional sites (6 to 12 events between 
clay layers) spread laterally over the lake bottom and overlapped 
one another where proximal lacustrine sediments accumulated. It is 
also likely that the greater number of events recorded in proximal 
lacustrine sediments is related to depositional events caused by 
interflows that were recorded at lacustrine sites but were not 
recorded (or preserved at any rate) in deltaic bottomsets. 

Clay layers in bottomsets and proximal lacustrine beds often 
contain discrete, fine sand laminae 2 to 5 grains thick. Shaw and 
Archer (1978) have suggested that thicker coarse laminae found in 
"winter" clay layers of glacial rhythmites in the Okanagan Valley 
were formed as the result of turbidity flows (probably generated by 
slumping on the delta face) during winter months. This may also be 
the case for the laminae in Adams Valley, but this author is at a 
loss to explain how the fine, clean sand laminae enclosed in clay 
of apparently uniform size could be the result of a turbidity flow. 
Perhaps only sand of a uniform size and in very dilute turbidity 
currents was involved. One possible mechanism for generation of 
these "winter" turbidity currents could be small-scale slumping of 
sediment from restricted areas of the delta, perhaps from fine
grained foreset deposits. 

Such sand layers are not present in thinner distal lacustrine 
sediments. Total couplet thicknesses within distal sediments are 
on the order of 1 to several cm (Figure 23). The silt portion of 
the couplets are comprised of many tens of very thin (tenths of a 
mm) graded to massive laminae of fine- to medium-grained silt. 
Clay laminae usually comprise one half or less of the total couplet 
thickness. The silt laminae probably represent deposition from 
dilute density underflows or interflows, as in more proximal 
deposits. 

Occasionally, sand bodies with graded bedding or climbing 
ripples occur in thin lacustrine rhythmites. These are apparently 
deposits that were laid down by relatively strong gravity flows. 
In one case, Figure 23, a fine pebble layer about 1 cm thick that 
had a silty matrix was observed within the silt half of a rhythmite 
couplet. This too, is probably the result of a concentrated grav
ity flow. 

One can see a gradual but progressive shift from dorainantly 
traction transport and deposition of sediment in the topset beds of 
the delta to dominantly suspension transport and deposition in thin 
lacustrine rhythmites. 
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Figure 23. Distal lacustrine rhythmites, clay layers are dark 
colored. A prominent pebble-layer appears low in the 
shadow covered area and on the surface of the displaced 
blocks in the foreground. The photo is about 1.5 ra 
across. 

Figure 24. Dropstones in distal lacustrine rhythmites near site 
A5. The knife is about 20 cm long. Note also the 
thick clay (dark colored) layers at this site. 
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Other Features of Lacustrine Rhythmites 

One of the most distinctive features of the lacustrine 
rhythmites (besides the repetition of silt-clay couplets) is the 
abundance of dropstones in the sediments (Figure 24). These occur 
in silt and clay laminae alike, and generally show the downward 
deformation of sediments beneath them that is so characteristic of 
ice-rafted clasts (Hardy and Leggett, 1960). Clasts occur singly 
and in groups arranged horizontally along bedding planes. Such 
groups were apparently deposited simultaneously on the lake bottom, 
perhaps from a single ice-berg as it overturned and dropped its 
surface debris into the lake. 

Ice-rafted clasts from a few mm to 60 or 70 cm in longest 
dimension were observed in lacustrine sediments in the Muir Inlet 
region. The clasts varied from very well-rounded to extremely 
angular, and although no pebble-counts were obtained, most appeared 
to be derived from diorite and metasediments of the Muir Inlet 
region. 

It is interesting to note that very few large ice-rafted 
clasts were observed in lacustrine sediments in the Muir Inlet 
region. The clasts varied from very well-rounded to extremely 
angular, and although no pebble-counts were obtained, most appeared 
to be derived from the diorite and metasediments of the Muir Inlet 
region. 

It is interesting to note that very few large ice-rafted 
clasts were observed in Adams Valley. This may be a reflection of 
the fact that an outwash-apron separated glacier ice from the lake. 
Perhaps only clasts in ice masses that were rolled to the lake by 
melt-water streams fell into the lake, and the size of the ice-
blocks that could be rolled, limited the size of the clasts deliv
ered to the lake. This rolling process was observed in the Seal 
River in front of Casement Glacier during the summer of 1977. 

Deformation features are also quite common in most exposures 
of glaciolacustrine rhythmites. In many cases, these are normal 
and reverse faults with 1 cm or less of net slip. These are simi
lar to ones described by Smith (1959). Several more spectacular 
faults were observed in Adams Valley, and one is shown in Figure 
25. This is a thrust fault in thick lacustrine rhythmites, and it 
has well developed drag folds. The fault was observed near site C 
of Figure 9. The lower extent of the fault was covered by slumped 
debris, and its upper edge was covered by post-faulting lake-sedi
ment deposited soon after the feature formed. This suggests that 
the very fine sands and silts behaved in a coherent, brittle man
ner, even shortly after deposition. 

Clastic dikes were not observed in Adams Valley, but they were 
seen in other exposures, particularly where thick beds of coarse 
silt- to medium sand-sized sediment occurred. 
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Figure 25. Thrust fault in proximal lacustrine rhythmites near 
site C of Figure 9. The uppermost sediments are not 
cut by the fault and therefore post-date it. 

Figure 26. Severely folded lacus
trine rhythmites ex
posed near river level. 
Undisturbed sediments 
blanket the folded ones. 
The vergence of the 
folds is southeast 
away from the delta. 
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Numerous penecontemporaneous folds were observed at nearly all 
sites. These interfered considerably with "varve" thickness stud
ies. A series of folded couplets is shown in Figure 26. Beds are 
complexly folded and overturned. The vergence of the folds is to 
the southeast away from the Neoglacial delta. McKenzie (1968) 
reported several diamictons within the Adams Formation (c.f. 
McKenzie, 1968, Figure 10, column B) and basal gravels that were 
sheared up into the lacustrine rhythmites in Adams Valley. He 
suggested that grounded, glacier ice had periodically shoved the 
the sediments and deposited up to four diamicton units. An alter
native explanation is that the diamictons are the result of large 
slumps of lacustrine sediments toward the center of the lake basin. 
This author observed severely distorted, but recognizable bedding 
in the diamicton that he measured in Adams Valley, and other au
thors have noted slump features near the base of deltas in modern 
lakes receiving heavy loads of sediment (Fulton and Pullen, 1969; 
Gilbert, 1975). 

Another feature not observed in Adams Valley, that is seen at 
other sites, is channel cut-and-fill. Channels up to 0.5 m deep 
and 1 to 1.5 m wide were observed, but not often. The bottom of 
such channels were often filled with sediment that is coarser-
grained than surrounding deposits into which the channels were 
incised. Usually, the top of a channel was filled with rhythmi
cally bedded sediments similar to those around the channel. These 
features may well have been cut by erosive gravity flows. There is 
no evidence to suggest subaerial erosion of the channels. 

Fining Upwards Sequence at Site Wl 

A Neoglacial lacustrine sequence approximately 18 m in thick
ness occurs at site Wl on the north shore of Wachusett Inlet 
(Figure 27). Oxidized Hypsithermal gravels and Neoglacial lacus
trine deposits fill gullies cut into local bedrock. The elevation 
of bedrock spurs between the gullies appears to have controlled the 
depth to which pre-Neoglacial ice advance sediments were eroded by 
Neoglacial ice. 

As in Adams Valley (and elsewhere in the Muir Inlet region), 
the contact between lacustrine deposits and the underlying poorly-
sorted, oxidized gravels is very sharp. However, instead of thin, 
rhythmically-bedded lacustrine sediment, a thick-bedded sequence of 
massive silts rests on the gravels at site Wl. The remains of 
Equisetum (horsetail rushes) were found in growth position in these 
silts, and the rushes were apparently buried rapidly by the ag
grading silts. The silts are believed to represent deposition in 
very shallow water near the lacustrine shore or perhaps between 
distributary channels of a stream entering the lake. 
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Figure 27. Stratigraphic section through the middle member of the 
Van Horn Formation at site Wl, Wachusett Inlet. The 
section is described in Appendix B. 

55 



Upwards in the sequence, bodies of well-sorted, medium-grained 
sand up to 2 m thick were observed. These contained planar and 
trough crossbeds with several tens of cm of relief. Coarse sand 
and fine gravel laminae occur within these beds. The crossbedded 
units are interbedded with thick roughly horizontally bedded coarse 
sands and fine gravels. Clay layers several cm thick occur between 
major sedimentation units. Sand and gravel bodies thin and fine 
toward the top of the sequence, and clay rip-up clasts are common 
in the thinner sand bodies. 

The sequence is interpreted to reflect deposition in distribu
tary channels (gravels and sands) and perhaps on distributary mouth 
bars (crossbedded sands). Similar sequences are known from Recent 
and Pleistocene glaciolacustrine deltas (Shaw, 1975; Gustavson and 
others, 1975), and they are represented in many modern deltas 
(Coleman and Wright, 1975). 

A three m thick unit of thin lacustrine rhythmites caps the 
Neoglacial lacustrine sequence. These are very similar to the 
basal lacustrine sediments in Adams Valley. They have silt layers 
that are thicker than overlying clay layers, dropstones, and pene-
contemporaneous deformation structures. The rhythmites have been 
erosionally truncated and channels filled with coarse sand and fine 
gravel are incised into lake sediment. It is not clear whether 
these are pre- or post-ice advance sediments. The lack of glacio-
tectonic deformation structures in the rhythmites suggests that the 
gravels preceded Ice advance. 

The entire sequence is interpreted as either the response of a 
stream to progressive deepening of the lake with progressively 
deeper water sedimentation, or as the lateral migration of distrib
utary channels near a delta mouth. Channel migration would have 
caused alternating channel, channel mouth bar, and interdistri-
butary deposition. Perhaps it is more likely that both processes 
were occurring at the same time. 

Most of the stratigraphic sequences of Neoglacial lacustrine 
sediments that were measured for this study (Appendix B) are simi
lar to the two just described. Other more distal sites consist of 
thin, rhythmically bedded sediments sandwiched between coarse 
outwash gravels. Such sites were probably not as close to points 
of sediment input to lakes as the sites just described. 

The valley in which site Wl is located provided a laterally 
continuous exposure of thin lacustrine rhythmites. Couplet thick
nesses were measured at site Wl, and they were also measured 50 to 
60 m up the valley at site W5. 

Varve Correlation Studies 

Detailed records of the thickness of successive silt-clay 
couplets were obtained from a number of outcrops (records for 18 
outcrops are listed in Appendix A). No success in correlation of 
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the records was achieved. Figure 8 suggests why this is so. The 
diagram shows thickness records for the two parallel transects 
measured in Wachusett Inlet. Overall, the records match well, but 
there are a number of couplets at either site that are not present 
at the other. Usually two thin couplets at one site are represent
ed by one thick one at the other site. Several explanations seem 
plausible. Deposition of clay layers may have been discontinuous 
over the lake bottom. Also, remembering the evidence for strong 
gravity flows in Adams Valley (and the presence of clay rip-up 
clasts in deltaic bottoraset and lacustrine sediments), it seems 
likely that erosion by gravity flows may have removed some clay 
layers. A third possibility is that the rhythmites represent 
deposition from individual (although perhaps discontinuous) flow 
events generated by slumping on a delta front or 
sediment input from separate streams or distributary channels. 
This would lead to overlapping couplets of limited lateral continu
ity and of unique thickness. 

The problems encountered in attempting to correlate couplets 
over distances of tens of meters are multiplied by orders of magni
tude with distances between outcrops are several to tens of kilo
meters. Couplets may be annual deposits, but erosional removal or 
nondeposition of couplets or parts of couplets render longdistance 
correlation of thickness records impossible. This problem is 
especially significant in the Muir Inlet region where most of the 
preserved lacustrine rhythmites appear to have been deposited near 
the source of sediment input where strong gravity currents appear 
to have been active. 

In addition, as stated in the section on regional climate, 
precipitation (which would strongly influence summer runoff and 
sedimentation) can be quite local and variable within the study 
region. The sequence of thickness variations of annual couplets at 
two sites tens of kilometers apart might be quite different owing 
to different precipitation histories. 

There is also evidence that clay deposition is not necessarily 
an annual event. Figure 28 shows a sequence of rhythmites that 
occur above thick beds of massive and graded silts and fine sands. 
Each rhythmite consists of a thick, basal, laminated silt 5 to 10 
cm thick. Above this are thin, alternating, graded silt-clay 
couplets (usually 5 to 8) that are similar in all respects to other 
thin lacustrine rhythmites. It is possible that each thick silt 
and its overlying silt-clay couplets represent one annual "varve". 
But if this is the case, then 5 to 8 clay layers were deposited 
each year. This leaves open the possibility that none of the clay 
layers in the region record annual events. 
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Figure 28. Rhythmites of site M5 that consist of thick silts and 
multiple silt-clay couplets. Thick bedded laminated 
sands underlie the rhythmites. 
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In either event (annual or nonannual couplet deposition), the 
fine-grained sediment at all sites studied represents a short 
period of deposition. Usually only 150 to 300 couplets are present 
at a site, so 150 to 300 years or less are represented by the 
couplet records at any one site. 

Grain-size Analyses 

Some of the samples obtained for paleomagnetic analyses were 
later analyzed to obtain information about their grain-size dis
tributions. The grain-size data was helpful in assessing the 
significance of some of the paleomagnetic data (particularly mag
netic bulk susceptibility data). However, the hydraulic signifi
cance of the grain-size data is limited because more than one 
sedimentation unit was analyzed in every case. 

Even with this limitation in mind, it can be said that the 
grain-size distributions (Figure 29) are similar to distributions 
obtained by other authors for rhythmically bedded glaciolacustrine 
sediments (Peach and Perrie, 1975). Peach and Perrie (1975) looked 
at the grain-size distributions of samples from "varved" sediments 
scraped from horizontal swaths only 0.5 mm wide in order to study 
the internal grain-size variations within single "varves". They 
found that the shapes of cumulative distribution curves for these 
subsamples were all quite similar. They also found that there were 
slight fluctuations in median grain-size values within the silt 
portion of individual "varves". These variations were attributed 
to flow variations inferred to be on the order of several days in 
duration. Flow variations can also be inferred for the rhymites in 
the Muir Inlet region based on the presence of multiple graded beds 
within the silts. 

Grain-size analyses completed for this report were terminated 
at the 11 reading. This was done as a matter of necessity in 
order to finish the large number of analyses that were run. At the 
temperatures at which the analyses were completed, the 11 reading 
is not taken until 56 to 60 hours after an analysis is begun. If 
the analyses had been taken to 13 or 14 , many days would have 
been required to obtain data from a small number of samples. As a 
result of not carrying the analyses further, the only meaningful 
statistic that was obtained for most samples was the median dia
meter (size of the 50th percentile on the cumulative distrib
ution curve). The statistics of Folk and Ward (1958) could not be 
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Figure 29. Grain-size distribution plot for twelve samples ob
tained at 25 cm vertical intervals from site Wl. 
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calculated for dispersion, skewness, or kurtosis because all of 
these statistics require that the size of the 95th percentile on 
the curves be known. In most cases, even the 84th percentile was 
not known, so only the Trask mean, P9t- f P7s/2, could be deter
mined. Mean values are not reported, but in the cases where they 
were obtained, they were always about 0.2 units finer than median 
grain-size values. This indicates that all of the cumulative 
distribution curves for the glaciolacustrine rhythmites are pro
bably slightly negatively skewed. This may be a relict effect 
caused by the inclusion of clay layers in the samples analyzed. 

A number of the samples shown in Figure 29 have a marked 
coarse tail. Upon sieving the samples prior to pipette analysis, 
coarse angular sand and some small pebbles (from well rounded to 
very angular) were left on the sieve. This material is responsible 
for the coarse tails, and it is interpreted as the product of ice-
rafting. 

The median diameters obtained from the distribution curves are 
very similar to the values obtained by Peach and Perrie (1975) for 
Pleistocene "varves" similar to the Muir Inlet sediments. This may 
be a fortuitous circumstance, but it may also reflect the similar 
hydraulic sorting history of sediments derived from a similar 
source, glacially ground bedrock. 

Summary 

In conclusion, it appears that the lacustrine sediments of the 
Muir Inlet region have a glaciolacustrine origin; however, silt-
clay couplets are impossible to use to correlate spatially separ
ated outcrops of lacustrine sediment. Couplets must be used with 
caution to determine deposition rates or the number of years of 
lacustrine deposition at a site. Without some independent means to 
prove the annual nature of the couplets, it seems unwise to call 
them varves and use them as unqualified annual increments. 

It must also be stated that the author has not proved that all 
of the couplets of the Muir Inlet region are not annual in nature. 
Some may be annual and others may not be. But it does seem certain 
that their use to obtain absolute time estimates must be exercised 
with caution. 
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MINERALOGY 

Mineral determinations were made with the x-ray diffraction method 
for samples from seven outcrops of glaciolacustrine sedi
ments, and carbonate analyses were made on samples from six out
crops in order to decide whether or not gross mineralogic differ
ences existed between outcrops. It was hoped that such information 
could then be used to discriminate sediments of different ages or 
from different lacustrine systems. 

X-ray Mineralogy 

Methods 

Two outcrops from Wachusett Inlet, two from Adams Inlet, and 
three from Muir Inlet were sampled (Figure 30), and two to three 
samples per outcrop were analysed. Initial sample weights (air-
dried) varied from 10 to 15 grams. All samples were first analyzed 
for remanent magnetism and grain-size distribution. During grain-
size analysis, the samples were deflocculated and settled in Calgon 
solution (sodium hexametaphosphate, 0.5 gm/1000 ml of suspension). 
The samples were wet-sieved on a 200 mesh screen prior to pipette 
analysis. 

Upon completion of the grain-size analyses, the very fine 
particles still in suspension were floculated by addition of a few 
ml of 10 percent HC1 to the settling tubes. After two or three 
days, the clear supernatant liquid was decanted and discarded, and 
the remaining sediment slurry was washed into a 50 ml centrifuge 
tube with distilled water and centrifuged at 2500 rpm for 30 mi
nutes. The sample was washed and centrifuged four times. It was 
resuspended in Calgon solution and allowed to stand for 48 hours to 
insure deflocculation. 

The 4-80 size fraction was separated from the less than 8 
fraction using the method of Jackson (1956). The samples were 
agitated to suspend all of the sediment, and then they were cen
trifuged at 750 rpm for 2.5 to 3 minutes. The supernatant liquid 
with less than 8 sized particles was decanted into a flask. The 
remaining sediment was resuspended in distilled water and recentri-
fuged at 750 rpm. This was repeated until the supernatant was 
clear. The actual size separation is said to be in the range of 2 
to 10 microns (Jackson, 1956). Preparations of both less than 8 
sized material (clay-sized) and 4 to 80 sized material 
(silt-sized) were made by covering one side of a glass slide 
completely with either clay suspension or silt slurry. These were 
allowed to air-dry prior to x-ray examination. 

63 



Figure 30. Map showing sites sampled for x-ray mineral deter
minations . 
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All analyses were completed with a Norelco x-ray diffract-
ometer using Cu Ka radiation and a Ni filter. Silt samples were 
scanned from 20° to 40° 29 . Clay samples were analyzed from 2° to 
18° 29 . In addition to air-dried analyses, several clay samples 
were, in turn, saturated with ethylene glycol, heated to 120°C, and 
leached with 2N HC for 48 hours and x-ray analyzed after each treat
ment. Several air-dried samples were also "slow-scanned" from 24° to 
26° 29 in order to determine whether or not appreciable vermiculite 
was present, but masked by chlorite peaks. Typical results are shown 
in Figures 31 to 33. 

Results 

Results indicate that in all samples, illite and chlorite are 
the principle minerals present in the clay-sized fraction. Amphibole 
peaks occur at about 8.4 to 8.5 A and quartz is probably present, 
but the scans do not take in the 3.3 A peak. The chlorite peak at 
14.2 A is indicative of Fe-rich chlorite (Brindley, 1961). With 
ethylene glycol saturation, a shoulder formed on all 14.2 A peaks and 
extended to 16 A or so. This is not a good montmorillonite peak, and 
probably represents some expandable mixed-layer material within the 
chlorite structure (which may be montmorillonitic in nature). Vermi
culite is known to expand to 16 A in some cases with ethylene glycol 
saturation (Walker, 1961), and its characteristic 14 A peak could be 
masked in air-dried samples by the chlorite peak at 14.2 A. "Slow-
scanning" of the 3.55 A chlorite peak of six samples failed to dis
cern the presence of more than one peak. Heating to 120°C overnight 
failed to produce a vermiculite peak at 11.6 (caused by dehydra
tion) , and acid leaching to remove chlorite removed all trace of a 
peak at 14 A. It is concluded that in all samples, vermiculite is 
not present in appreciable amounts. X-ray data for the 23 clay-sized 
samples analyzed are remarkably similar and fail to discriminate one 
outcrop from another. 

Likewise, the results from 24 silt analyses are all very much 
alike. In fact, almost all peaks in the 20° to 40° 29 range can be 
assigned to the characteristic d-spacings of five minerals, quartz, 
calcite (and dolomite), feldspar, amphibole, or chlorite. Magnetite 
has been inferred to be present, based on the paleomagnetic results 
(to be discussed later), and it can, in fact, be separated from sed
iment suspensions with a hand magnet. However, oxides absorb x-rays 
and do not produce good reflections on diffraction diagrams. 

These results are very similar to those of McKenzie (1968) for 
lacustrine material of the Adams Formation and to those of Mickelson 
(1971) for lacustrine sediments of the middle member of the Van Horn 
Formation of Wachusett Inlet. Both authors noted the abundance of 
chlorite and illite in the clay-sized fraction of their samples. 
They both cited evidence of small amounts of expandable clays whose 
presence was inferred from the shoulders produced on 14 A peaks when 
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Figure 31. Typical diffraction patterns for clay-sized samples from 
the Muir Inlet region. Letters indicate sample 
treatments. A - air-dried; B - ethylene glycol 
saturated; C - heat treated at 120°C; D - acid leached in 
2N HC . 
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Figure 32. Typical diffraction pattern for silt-sized samples from 
the Muir Inlet region. Letters indicate peaks of 
chlorite, Ch; quartz, Q; feldspar, F; amphibole, A; and 
calcite, Ca. 
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Figure 33. A typical diffraction pattern produced by slow scanning 
of the 24° to 26° 2 region of clay-sized sample prep
arations to look for a vermiculite peak superimposed on 
the chlorite peak. 
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ethylene glycol treatment was used. Mickelson suggested the presence 
of trace amounts of vermiculite in some samples, but the five samples 
from Wachusett Inlet that were analyzed for this report fail to 
reproduce his results. 

Carbonate Analyses 

Methods 

Very limited data on carbonate content of lacustrine sediments 
(six samples) were obtained in order to determine whether or not 
gross differences in carbonate mineralogy existed that might aid in 
the correlation or differentiation of outcrops. Based on the results 
of the x-ray mineral determinations, large differences in carbonate 
content were not expected. 

The six samples analyzed (Table 3) came from widely separated 
sites (four in Muir Inlet, one in Adams Inlet, and one in Wachusett 
Inlet). Samples were air-dried and then disaggregated with a mortar 
and a rubber pestle. Only that part of the sample that passed 
through a 200-mesh sieve was analyzed. The gasometric method of 
Dreimanis (1962) was used, and all six samples were analyzed by the 
Soils Characterization Laboratory of the Department of Agronomy, The 
Ohio State University. 

Results 

Calcite percentates vary only from 7.5 to 10.1 percent, and 
dolomite percentages vary only from 5.1 to 8.0 percent. Calcite/ 
dolomite ratios show little variation, 1.2 to 1.9, and it appears 
that all of the sediments have similar carbonate contents. 

McKenzie (1968) provided carbonate data for three samples of 
lacustrine sediments from the Adams Formation (Table 3). The dolo
mite contents (and therefore the calcite/dolomite ratios) provided by 
McKenzie are quite different from the data obtained from the six 
samples analyzed for this report. Calcite percentages are very 
similar, however, and it is suggested that this systematic difference 
in dolomite percentages reflects the fact that the analyses were 
completed on different aparatus, probably with a different laboratory 
technique (although the size fraction analyzed was the same in both 
cases). 

In this method of analysis, the calcite reading follows a stan
dard length of time, and calcite percentages might be expected to be 
similar from lab to lab if the same sample were analyzed. The dolo
mite reading is more subjective, and it requires a judgment on the 
part of the operator about when the reading should be taken. It is 
suggested that McKenzie's data are not as substantially different 
from those presented here as they first appear to be. 
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TABLE 3 

Carbonate Analyses 

GB-A1 
GB-CS 
GB-M3 
GB-M5 
GB-W1 
GB-KH 

32-1 
32-3 
49-3 

Calclte % 

9.7 
9.5 
10.1 
9.9 
7.5 
10.0 

10.5 
8.3 
9.3 

Dolomite % 

6.8 
8.0 
5.5 
6.7 
5.1 
5.2 

ADAMS FORMAT 

0.5 
1.0 
1.5 

% Total 
Carbonates 

16.5 
17.5 
15.6 
16.6 
12.6 
15.2 

ION 

11.0 
9.3 
10.8 

Calcite 
Dolomite 

1.4 
1.2 
1.8 
1.5 
1.5 
1.9 

21.0 
8.3 
6.2 

Analyses for the Adams Formation are from McKenzie (1970). 
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Conclusions of Mineralogic Analyses 

In summary, feldspar, quartz, calcite, dolomite, amphibole, and 
chlorite with minor magnetite and probably a host of trace minerals 
not detected by the x-ray analyses are present in the silt fraction 
of the lacustrine samples examined. Illite, Fe-rich chlorite that 
probably contains some mixed layer, expandable clays, and amphibole 
make up the clay-sized fraction. The mineralogy of the deposits 
seems to reflect derivation of the sediment from the diorites and 
calcareous sedimentary rocks prevalent in the northeast part of the 
Park. Silt and clay mineralogy do not discriminate outcrops from one 
another, and may simply reflect the similarity of source material or 
homogenization of the sediments during transport. In a circumstan
tial way, one can argue that the similarity of the sediments in their 
mineral composition suggests deposition in a large lake with enough 
interconnection of individual basins to allow homogenization of the 
fine-grained sediments. This is an argument against the hypothesis 
that suggests that the sediments were deposited behind a number of 
alluvial fans, and it is in favor of the single ice-dammed lake 
hypothesis. 

It is interesting to note that Derksen (1976) found up to 25 to 
30 percent vermiculite in tills from the Brady Glacier area. 
Mickelson (1971) found slightly more vermiculite in Neoglacial till 
in Wachusett Inlet than in middle Van Horn sediments. Why there 
should be more vermiculite in tills is not clear. In the case of 
Derksen's study, the greater amounts of vermiculite probably reflect 
the very different bedrock geology of the Brady system as compared to 
the Muir system. 

Carbonate analyses, like x-ray mineral determinations, do not 
show any differences between outcrops that can differentiate them. 
Similarities in mineral content do strengthen correlations that may 
be suggested by other techniques. 

71 



POLLEN ANALYSIS 

The pollen spectra of five lacustrine outcrops from the Muir Inlet 
region (Figure 34) were sampled. The outcrops were also sampled for 
"varve" and paleomagnetic analysis. Pollen analysis was done 
primarily to determine whether outcrops could be distinguished from 
one another palynologically. It was also reasoned that the pollen 
data would illuminate any vegetational or environmental changes that 
accompanied Neoglacial ice advance. If the glacier-dam hypothesis 
for lake formation is accepted, the climatic shift responsible for 
the advance was well established by the time of "varve" deposition, 
and if the climatic change was of great enough magnitude to change 
the composition of lowland vegetation, it would presumably be 
reflected in the pollen contained in the lake sediments. 

Samples for analysis were obtained when the outcrops were mea
sured for "varve" chronologies. A sediment sample of 50 grams or 
more was taken from every twentieth silt-clay couplet. Large samples 
were obtained because it has long been known that glacial "varves" 
contain little pollen owing to high sedimentation rates (Leopold and 
Scott, 1958). If the Muir Inlet couplets are annual, the sample 
interval is 20 years. Revegetation of newly exposed glacial deposits 
in the Park can proceed from barren till or gravel to mixed spruce-
hemlock forest in 200 years, and significant changes in vegetation 
during colonization of open sites occur at shorter intervals (Decker, 
1966). Thus, the sample interval chosen is likely to reveal changes 
in vegetation (as reflected by pollen data) caused by a major distur
bance . 

Methods 

Sample preparation techniques are described in Appendix C. 
Preparations generally consisted of a small amount of very pure 
pollen, spores, and other minor organics. However, mineral matter 
was present in some samples even after heavy liquid separation. This 
probably occurred where very fine-grained particles retained a water-
film that gave them increased buoyancy. Unfortunately, these same 
very fine particles are often not removed successfully with HF. In 
some cases, centrifugal removal of fines in deflocculated suspension 
was employed (Jackson, 1956). 

Occasionally, very silty and/or clayey slides had to be counted 
in spite of efforts to remove mineral matter from the pollen concen
trate. A few samples produced no pollen even with heavy liquid 
separation and centrifugal removal of fines. These samples are 
considered to be barren. 
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Figure 34. Map showing sites where samples were obtained for pollen analysis. 
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TABLE 4 

Common and Scientific Names 
of Plants Mentioned in this Chapter 
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Sitka spruce Picea sitchensis (Bong.) Carr. 

western hemlock Tsuga heterophylla (Raf.) Sarg. 

mountain hemlock Tsuga mertensiana (Bong.) Carr. 

subalpine fir Abies lasiocarpa (Hook.) Nutt. 

lodge pole pine Pinus contorta Engelm. 

Alaska cedar Chamaecyparis nootkatensis (D. Don) Spach 

black cottonwood Populus trichocarpa Torr. & Gray 

alder Alnus spp. 

willow Salix spp. 

heath ERICACEAE 

blueberry Vaccinium spp. 

huckleberry Vaccinium spp. 

copperbush Cladothamnus pyrolaeflorus Bong. 

salal Gautheria shallon Pursh 

devilsclub Oplopanax horridus (Sm.) Miq. 

avens Dryas spp. 

horsetail Equisetum spp. 



Several replicate samples treated in the manner outlined in the 
Appendix, and that produced pollen, were also treated repeatedly with 
HF and without heavy liquid separation or centrifugal removal of 
fines. This was done to find out if pollen was lost during the 
separation process. Pollen could not be concentrated to countable 
amounts in this manner. Mineral crusts tended to fuse the samples 
into small opaque cakes even when HC1 was used to remove possible 
CaF„ precipitates. 

Pollen concentrations were stained with safranin, mounted in 
glycerin, and counted on a Zeiss binocular microscope with 10X oc-
culars. Counting was done with a 40X/0.65 objective, but critical 
identifications were made with a 90X/1.32 oil immersion objective. 
An attempt was made to count a sum of at least 200 grains/sample. 
This convention was adopted because pollen is scarce in the sediments 
sampled, because pollen workers who study Arctic sediments commonly 
count only 200 grains/sample, and because counts of less than 200 
grains give broad confidence limits at the alpha 95 level (Maher, 
1972). Occasionally, not enough pollen could be found to count even 
200 grains. 

Although no thorough investigations were made, it is assumed 
that the pollen resided in the silt portion of the couplets. Several 
clay layers were analyzed, and no pollen was found in them. Terasmae 
(1963) has shown that varved sediments in Ontario contain pollen only 
in their silt laminae. Pollen has hydrodynamic characteristics 
similar to silt-sized mineral grains, and pollen rain occurs during 
the melt season when silt is deposited in glacial lakes (at least 
this is the case for lowland lakes in coastal southeast Alaska). 

The results of pollen analysis are presented in Tables 6-11. 
Interpretation of these data will follow a brief discussion of the 
results of investigations of present and past vegetation in the Park 

Present Vegetation 

Viereck and Little (1972) indicate that western hemlock (Tsuga 
heterophylla) and Sitka spruce (Picea sitchensis) with a scattering 
of mountain hemlock (Tsuga mertensiana) (especially near treeline) 
are the primary components of coastal forests in southeast Alaska. 
Alder (Alnus rubra, A. sinuata, A. tenuifolia) is common along shore
lines and streams and in recently disturbed areas. Black cottonwood 
(Populus trichocarpa) grows on the floodplains of major rivers and in 
recently deglaciated areas, and subalpine fir (Abies lasiocarpa) is 
said to be a minor component of the vegetation near treeline. 

Blueberries (Vaccinium sp.), huckleberries (Vaccinium sp.), 
copperbush (Cladothamnus pyrolaeflorus), salal (Gaultheria shallon), 
and devilsclub (Oplopanax horridus) are listed as the most important 
shrubs in the understory. Owing to high humidity and rainfall, 
mosses grow in great profusion on the ground, in trees, and in forest 
openings. 
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Poorly drained areas at low elevations commonly have open mus
kegs of low shrubs (including willows, Salix spp.), sedges 
(Cyperaceae), grasses (Graminae), and Sphagnum moss. Such areas may 
be treeless or may contain a few scattered individuals of stunted 
lodge-pole pine (Pinus contorta), western hemlock, mountain hemlock, 
Alaska cedar (Chamaecyparis nootkatensis), and Sitka spruce. The 
spatial distribution of vegetation in the Park is ably described by 
Streveler and Paige (1971). 

Since the time of Cooper (1923; 1931; 1937), Glacier Bay has 
been a classical locality for the study of the revegetation of land 
newly exposed from under glacier ice. Lawrence (1958) has suggested 
that this region provides the best available analogue to the reveg
etation that followed Pleistocene ice retreat in North America. This 
point can be argued, but it does seem that given the collection of 
plant species present in this region and making allowances for dif
ferences in substrate, drainage, and elevation, revegetation follows 
a reasonably definite pattern. 

Cooper (1923; 1937) recognized three general plant communities 
that successively occupied barren sites exposed by retreating ice. 
These are in order of development, the pioneer community, the willow-
alder community, and the conifer forest. Decker (1966) expanded the 
number of "successional stages" to eight, the first being an early 
pioneer stage of individual mountain avens (Dryas drummondii) and 
willow seedlings, and the last being a spruce-hemlock forest. It 
requires only some 200 years to go from stage one to stage eight. 

Reiners and others (1971) suggest "wave-like invasion on sites 
by strata, largely in order of increasing size". In fact, species 
interactions have much to do with the style of revegetation. Person
al observations and the observations of most workers in Glacier Bay 
reveal that many species, including conifers, become established at a 
site in the first several years following deglaciation, but conifer 
growth is suppressed until alder thickets (capable of fixing nitrogen 
and providing organic duff for conifer seedbeds) develop. These 
observations are consistent with observations and ideas presented by 
Horn (1974; 1975) that suggest that secondary succession is usually 
the result of interspecific competition in which pioneer species beat 
later species to openings or initially out compete them. The pioneer 
species produce an environment in which later species are competi
tively superior. 

Even when "maturity" is reached in coastal Alaskan forests, 
several physionomically distinct vegetation communities can coexist 
with one another as shown by the studies of Worley and Streveler 
(Streveler and others, 1974; Streveler and Worley, 1975; Worley, 
1977) on the outer coast of the Park. Avalanche, wind throw, and (in
frequently) fire maintain openings in the forest cover, and climate 
change (Heusser, 1960) is said to cause expansion and contraction of 
bog or forest cover (at least in flat-lying sites near sea level) as 
moisture budgets fluctuate. Physically unstable sites such as steep 
hillsides and alluvial valleys tend to have a more "immature" vege
tation cover owing to periodic disturbance. 
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Macroscopic Evidence of Past Vegetation 

Insight into the type of vegetation cover present in the Muir 
InLet region during Hypsithermal and Neoglacial time has heen gained 
from studies of the nature of the forests buried under and preserved 
in the sediments of the Van Horn Formation. Cooper (1931; 1937) and 
Burns (Goldthwait, 1963) investigated the composition of stumps 
within these forest beds. They identified two sorts of forests. One 
was a stable community on rocky valley walls that consisted of spruce 
and hemlock. Burns found 29 percent spruce, 67 percent hemlock, and 
4 percent cottonwood in the forest-horizon at Forest Creek. Cooper 
found 54 percent to 100 percent hemlock and 13 percent to 46 percent 
spruce at his stations on rock. Forests on gravel (a less stable 
environment) were more variable in composition. Goldthwait (1963) 
cites average values from Cooper's and Burns' work of 58 percent 
spruce, 22 percent hemlock, 19 percent cottonwood, and 1 percent 
alder. Cooper (1931) gave a value of 83 percent for cottonwood at 
one site on gravel. Neither pine nor cedar were found by these 
workers. Thus, alluvial sites on gravel contain more spruce and 
cottonwood and less hemlock than sites on rock. This probably re
flects more periodic disturbance of alluvial sites (Goldthwait, 
1963), perhaps as braided outwash streams shifted position and gradu
ally filled their valleys with gravel. 

Cooper's station 15 (1923) near Pt. George in Muir Inlet pro
vided a well preserved sample of the flora from a Neoglacial forest 
floor. It consisted of 13 species of mosses, a lycopod, fungus 
mycelium, and other remains, all identical to species found in pres
ent coastal Alaskan forests. The above data support the idea that 
lowland vegetation during the Neoglacial was similar to today's. 

Previous Pollen Studies 

Pollen studies in the Park are of two sorts. There is a limited 
amount of information concerning the modern pollen rain. Most of the 
data are from sites along the outer coast and are from muskegs, many 
of which are surrounded by spruce-hemlock forest. In addition, very 
limited data are available from sites near a retreating ice margin. 

Extensive stratigraphic studies are available only from the 
outer coast, and limited data have been collected from Adams Inlet. 

Surface Samples 

Heusser and others (1980) used surface samples from the Pacific 
northwest coast of North America to obtain climate estimates for the 
past 80,000 years. No raw data accompany the text. Similarly, 
Heusser (1977) provides surface data for sites in western Washington. 
Following past convention for pollen analysis in the Pacific north
west and wishing to focus on the forest dominants, he omits alder 
from his pollen suras. Alder is one of the principal components of 
the lacustrine pollen spectra from Muir Inlet, making comparisons to 
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Heusser's data tenuous- Table 5 lists percentages of selected arbo
real taxa estimated from Heusser's (1960) pollen diagrams from the 
outer coast of the Park and for three sites near Juneau. 

The data are all from the uppermost level counted at each site. 
All sites are on muskeg, and pine is present on most of them. Pine 
has values of 5 to 25 percent in the surface spectra. It is not a 
major component of the lacustrine pollen spectra nor the Neoglacial 
stump population. The distribution of modern vegetation suggests 
that this represents a real vegetation difference. Pine is restric
ted to areas closer to the Pacific Ocean, and is not present in the 
study area. 

Inspection of Table 5 indicates that at sites on muskeg that are 
surrounded by spruce-hemlock forest, the sum of spruce and hemlock 
pollen percentages is always equal to, and is generally very much 
greater than, the alder percentages for those sites. This also 
appears to be the case in interior Canadian-Alaskan black spruce 
(Picea mariana) forests (Rampton, 1971) where spruce pollen percent
ages in surface samples always are greater than alder percentages. 

Additional information on surface pollen spectra in Glacier Bay 
is provided by an unpublished manuscript by Johnson (1972). Data 
were obtained from short silt- and clay-rich lacustrine sediment 
cores (10 cm) and peat cores (10 cm) taken by Mickelson in 1970. 
They represent the two ends of the spectrum of Decker's (1966) stages 
of plant succession. Two recently deglaciated lacustrine sites near 
the margin of Burroughs Glacier provided cores of mostly mineral 
matter, and all had abundant alder (increasing upwards in the cores), 
considerable spruce, some hemlock, and some monolete spores (assumed 
here to have been fern spores). A surface grab-sample of lacustrine 
silt that covered a boulder in one of the lakes near Burroughs 
Glacier contained nearly 60 percent alder and 25 percent spruce 
pollen. Willow and cottonwood were present near the lake, but under 
represented in the pollen spectra. The sites near Burroughs Glacier 
where spruce and hemlock pollen are present in large quantities, but 
where neither is an important component of nearby vegetation, in
dicate that these pollen taxa have been transported distances of at 
least several kilometers. 
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TABLE 5 

Percentages of Selected Pollen Taxa from Uppermost 
Levels of Pollen Diagrams from Sites 

in and near Glacier Bay 

Cape Fairweather 

Lower NW Lituya Bay 

Grand Plateau Glacier 

SE Lituya Bay 

Icy Point 

Upper Montana Creek 

Lower Montana Creek 

Lemon Creek 

15 

24 

34 

47 

30 

14 

22 

38 

20 

14 

2 

2 

30 

49 

35 

44 

3 

4 

t 

P 

5 

15 

8 

7 . 

38 

34 

5 

6 

5 

7 

5 

7 

24 

24 

59 

45 

30 

15 

30 

4 

The data are estimated from the diagrams of Heusser (1960) and are 
only for the do ulna it Acboc«j.ll speci.es present. 
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Stratigraphic Studies 

Heusser (1960) provides the most complete palynological coverage 
for the Park. His diagrams from within its boundaries are all from 
sites along the outer coast that are less than 200 m above sea level. 
In addition, they are all from bogs and are subject to all the prob
lems involved in interpretation of pollen diagrams from such sites, 
particularly over representation of local bog flora and maintenance 
of a local micro-habitat by the bog (c.f. Faegri and Iverson, 1975, 
p. 72-78; Janssen, 1967). Heusser also has diagrams from three bogs 
northwest of Juneau; although, only one of these diagrams (Upper 
Montana Creek) extends back as far as 10,300 years BP and covers all 
of Holocene time. The pollen data from this site indicate that post
glacial revegetation followed a pattern similar to but more protract
ed than that following Neoglacial ice retreat. Nearby seed sources 
were probably far less abundant following Pleistocene ice retreat 
than they were after the most recent retreat, because many mountain-
tops remained vegetated during the Neoglacial. Post-Pleistocene 
revegetation appears to have followed the pattern outlined below 
(Heusser, 1960). 

Pollen from Heusser's Upper Montana Creek diagram show the 
following post-Pleistocene pattern. Alder percentages had high 
values at the base of the section, and these were succeeded upwards 
by an increase in spruce percentages that in turn were followed by a 
rise in hemlock percentages. Pine appears sporadically in small 
amounts, sedge is common throughout the spectra, and monolete fern 
spores are particularly abundant low in the diagram. 

Several lignous peat horizons occur in the lower portions of 
most of the bog stratigraphies from this region. Heusser (1960) 
obtained a date of 3500 years BP from one such horizon at Lemon Creek 
northwest of Juneau. He attributed the development of sedge or 
bryophyte peat over these horizons and an associated rise in heath 
pollen to climatic cooling and the onset of the Neoglacial. He also 
compared this change to the "grenzhorizont" or "recurrence surfaces" 
of European literature. Recently, a pedological origin for peatlands 
in southeast Alaska has been proposed (Ugolini and Mann, 1979). 
These authors attribute peat formation to the impediment of soil 
drainage as a B2ir soil horizon (spodic or illuvial iron sesquioxides 
plus organic compounds) is formed in a forest environment. When 
drainage becomes very poor, the forest is essentially drowned, and 
sedge or bryophyte peat accumulates. As for the rise in heath pol
len, heaths prefer the moist, acid soils of Sphagnum peat, and it 
follows that heaths would rise as bogs developed. Many European bogs 
also contain woody peat in their lower parts (Moore and Bellamy, 
1974). In most cases, this appears to be the result of local drain
age affects and nutrient budgets. Apparently, when nutrients in 
these bogs were leached beyond an unspecified threshold value, 
Sphagnum peat replaced woody peat as woody plants were unable to sur
vive on the bog surface. This replacement pattern seems to be an 
usual stage in the ontogeny of many bogs, and it may be brought about 
by impediment of drainage and/or nutrient leaching. In addition, 
Schneekloth (1968) has shown that a "recurrence surface" can vary in 
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age by as much as 1100 years from one part of a bog to another, and 
these surfaces also appear to be diachronous features of individual 
bog ontogeny. 

Ln summary, Heusser's dau do not necessarily support the idea 
that vegetation or climate changed significantly at low elevations in 
the study area during the Neoglacial. Apparently, lowland sites did 
not respond dramatically to Neoglacial climatic shifts. Workers in 
Arctic tundra regions have known this for some time (Livingstone, 
1955; 1957; Colinvaux, 1964). Ager (1975) found that forest vegeta
tion of the Tanana-Yukon lowland of interior Alaska remained essen
tially the same from 0 to 6500 years BP. Even in more elevated 
regions such as Antifreeze Pond in the southwestern Yukon (610 m ) , 
pollen data suggest little vegetation change from 0 to 5700 years BP 
(Rampton, 1971). 

Sparse data from within the study area itself also suggest that 
Neoglacial vegetation was not much different from today's. McKenzie 
(1968) looked at the pollen spectra of five peat samples from Adams 
Inlet. The oldest sample dated at 10,940 years BP and was found to 
overlie the Forest Creek Formation in Granite Canyon. It contained 
abundant monolete fern spores and nonarboreal pollen and was similar 
in many respects to the lower portion of Heusser's Upper Montana 
Creek diagram. Four samples ranging in age from about 2000 to 1700 
years BP (mid-Neoglacial) from the Van Horn Formation, below the 
Adams Formation, and on weathered Granite Canyon Till, all contain 
abundant fern spores. McKenzie interpreted the spectra as represent
ing the pollen rain of a predominantly spruce forest without a large 
hemlock component. He suggested that some alder was probably present 
in the local vegetation, but that much alder pollen may have been 
part of a residual concentration as they are quite resistant to 
weathering. McKenzie's data indicate no great differences between 
Neoglacial vegetation in Adams Inlet and the vegetation that would be 
expected under present climatic conditions after "maturity" has been 
reached. 

From the preceeding discussion, it seems likely that very little 
in the way of information on vegetation change caused by Neoglacial 
climatic deterioration may be expected from the pollen spectra of 
Neoglacial lacustrine sediments in Glacier Bay. 

Results of Pollen Analysis of Muir Inlet Lacustrine Outcrops 

Results of palynological investigations of five outcrops of 
glaciolacustrine sediments in the Muir Inlet region are presented in 
Tables 6 to 11. The data are given as percentages of the total sum 
of pollen and spores counted. Owing to their large and variable 
numbers, monolete fern spores (classed together as P0LYP0DIACEAE, 
licorice ferns) were left "outside" the pollen sura, and their numbers 
are expressed as a percentage of pollen and spores left "inside" the 
sum. Data are given in a tabular form as only a small number of taxa 
are present in large quantities, and because dramatic fluctuations 
are not present. 
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TABLES 6 to 11 

The substrates from which the pollen samples described in the follow
ing tables were obtained are silt-clay rhythmites, generally on the 
order of one cm thick. The silt portion of the couplets is usually 
the thicker of the two parts of any one couplet. Samples AQ-1 
through Al-5 come from thick rhythmites on the order of several tens 
of cm in thickness. The thin "varves" have median grain sizes in the 
fine-silt range, and the thick "varves" have median grain sizes in 
the medium- to coarse-silt range. Mineralogically, the sediments are 
very similar. 
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Percent Pollen Taxa, Arboreal and Shrub Pollen 
and Licorice Fern Spores, Sites Al and M3. 
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Percent Pollen Taxa, Arboreal and Shrub Pollen 
and Licorice Fern Spores, Site M5. 
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TABLE 11 

Percent Pollen Taxa, Nonarboreal Pollen, Site M-5 
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In most cases, the pollen spectra from the five outcrops are 
similar to one another. Alder is the most common arboreal pollen 
taxa recorded. It generally comprises 60 percent to nearly 100 
percent of the pollen sum. Monolete fern spores are always present, 
but their numbers are quite variable. Compared to the pollen sum, 
they show values of 15 percent to over 240 percent or almost two and 
one half times as great as the pollen and spores inside the sum. 

In the lake sediment, spruce usually comprises between 2 to 15 
percent of the spectra. Western hemlock and mountain hemlock taken 
together make up only 2 to 11 percent. Pine is present sporadically 
in amounts generally less than 2 percent and fir is only represented 
occasionally, always in amounts less than 2 percent. CUPRESSACEAE 
(Cypress family), probably Alaska cedar, is present only at two 
horizons in Adams Inlet. 

Pine is a notorious genus for over representation in pollen 
diagram (Faegri and Iversen, 1975) and need not have been present in 
the local vegetation to be represented in the pollen spectra by such 
low values. Likewise, the few cedar grains recorded may have blown 
in to the Adams Inlet site. Willow pollen is almost always present 
in small amounts. It is generally under represented in pollen dia
grams, and willow almost certainly was present in the local vegeta
tion around the Neoglacial lakes. Cottonwood may well have been 
present too as indicated by Cooper (1931) and Goldthwait (1963). Its 
pollen is poorly preserved, and it is often not found in pollen 
spectra (Sangster and Dale, 1961; 1964). Nonarboreal pollen is not 
present in large amounts, and the best represented taxa are 
SAXIFRAGACEAE and UMBELLIFERAE. The umbellifers are common beach and 
shore dwellers along the outer coast (Streveler and others, 1974), 
but they occur in many environments. The saxifrages are common in 
alpine tundra, but are also common on disturbed sites at all eleva
tions (Heusser, 1960; Streveler and others, 1974). Lycopods (common 
in the understory of both alder thickets and conifer forests) are 
also present in most spectra. Other herbs show up in small amounts 
with variable degrees of persistence. 

The pollen data do not allow separation of one outcrop from 
another. They also do not allow climatic inferences to be made about 
the Neoglacial episode in Glacier Bay. 

Large amounts of alder and monolete fern spores do argue for a 
great deal of disruption of local vegetation, though. Both are 
common on recently disturbed sites in southeast Alaska (Heusser, 
1960; Streveler and others, 1974). Expansion of local glaciers might 
be expected to increase the activity of associated outwash streams 
making inherently unstable alluvial valley environments even less 
stable, and fluctuating lake levels could alternately drown vegeta
tion as lake levels rose and expose new shoreline for revege-
tation as lake levels fell. No clear evidence for "successional 
stages" can be seen in the data. Either disruption was continuous 
enough to prevent a closed spruce-hemlock forest from forming or 
perhaps local pollen production and transport overwhelmed any record 
of the regional pollen rain. 
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Complications in Data Interpretation and Their Possible Significance 

Alder is very abundant in the pollen spectra from the Muir Inlet 
region. One must consider the fact that alder is generally over 
represented in pollen spectra (Faegri and Iversen, 1975). Rampton 
(1971) found up to 30 percent alder in surface samples from closed 
black spruce forests. Valley walls in the Muir Inlet region might 
well have been covered with spruce-hemlock forests during the Neo-
glacial, and the pollen rain could have been dominated by alder that 
grew along lake shores and stream courses. Another interesting 
possibility is that a hydraulic sorting or preferential transport and 
deposition of the pollen has taken place. Large quantities of sedi
ment washed into the glacial lake(s) each melt season. With abundant 
runoff, much pollen may have been transported by streams. Two pieces 
of evidence suggest a sorting or differential transport affect. At 
site Wl in Wachusett Inlet, sample Wl-11 was obtained from thick-
bedded silts that rested on Lower Van Horn gravels and contained 
Equisetum remains in growth position. These are interpreted as 
having been deposited at or near the former shoreline. Alder com
prises only 20 percent of the pollen spectra in these silts. Spruce 
has a value of nearly 40 percent, and the hemlocks together reach 25 
percent. These values are similar to surface samples from the outer 
coast (Table 5). Monolete fern spores have a value of only about 37 
percent. The other ten spectra from this site were obtained from 
rhythmically bedded silts and clays near the top of the outcrop that 
were probably deposited in deeper water after the lake level had 
risen. They all contain far more alder and much less arboreal pollen 
than Wl-11. The sharp changes in pollen percentages upwards in the 
outcrop may reflect increased importance of alder in the vegetation, 
but they may well reflect preferential deposition of spruce and 
hemlock pollen near the shore and/or transport of alder and fern 
spores out into deeper water. 

Davis and others (1971) noted that vesiculate pollen grains and 
small grains were preferentially deposited near shore in seven lake 
basins in Michigan. They found that deciduous tree pollen was uni
formly distributed throughout the basins. Such an affect would 
produce the trends noted at site Wl if alder and monolete fern spores 
were uniformly distributed in the Neoglacial lake(s) and spruce and 
hemlock were concentrated near shore. 

Tauber (1967) found similar results for a small Danish lake and 
attributed the restriction of spruce and oak pollen to near shore 
areas as a result of pollen filtration in the trunk space of trees 
near the lake. Birch growing along the lake shore was not affected 
by filtration, and its pollen was found throughout the lake. Other 
factors probably need to be considered such as when a given pollen 
taxa is released each year, whether the lake was stratified when 
pollen deposition occurred, and how much redeposition of pollen took 
place (Davis and Brubaker, 1973). All of these factors are problem
atic for a lake that no longer exists. 
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It is also possible that differences in pollen production be
tween closed spruce forest (presumably low) and newly established 
alder thickets (presumably high) may account for part of the over 
representation of alder (Fagerlind, 1952; Faegri and Iversen, 1975). 
However, further evidence for hydraulic sorting and/or preferential 
deposition exists. 

Outcrop Al from Adams Inlet shows a similar affect to that seen 
at Wl. The sediments at this site are interpreted as a prograda-
tional lacustrine-deltaic complex. The sequence begins with a series 
of glaciolacustrine rhythmites typical of a glacial lake bottom 
environment. They are overlain by thick proximal sandy-silty rhyth
mites that grade upwards into thin distal deltaic bottomset beds. 
Samples Al-6 through Al-11 all come from thin normal rhythmites from 
the base of the section. Samples Al-1 through Al-5 were obtained 
from the bottomsets and proximal rhythmites (although all of the 
sediments are primarily silt-rich, they coarsen upwards). A glance 
at the data for site Al (Tables 5 and 6) indicates that the coarser 
sediments deposited nearest the delta (upper several samples) contain 
12 to 27 percent spruce and 7 to 11 percent hemlock. Alder makes up 
only 40 to 60 percent of the spectra, and the uppermost samples 
appear richer in arboreal taxa in general. The lower samples, Al-6 
through Al-11, contain 85 to 92 percent alder and only minor amounts 
of other arboreal taxa. Monolete fern spores are variable in numbers 
and show no clear trends. Again, these data could be interpreted as 
an increase in the importance of spruce, hemlock, and other arboreal 
species with time upwards in the outcrop. However, it is just as 
likely that hydraulic sorting or preferential transport and depo
sition of the pollen has occurred. Gregory (1961) indicates that the 
terminal velocity in still air of alder grains is the lowest of the 
pollen taxa he listed. Presumably, a low terminal velocity allows 
alder pollen to be blown relatively great distances, and a similar 
affect could occur in an aqueous environment. 

Equivocal data also suggests that differential preservation of 
grains may be a problem. Fern spores in any sample fell into either 
of two categories. Some spores were fresh and shiny while others 
were etched and corroded. No counts were made of the proportions of 
fresh to corroded grains, but it may be that the corroded grains were 
reworked from older deposits and redeposited in the lacustrine sedi
ments. Some of the variability in fern spore numbers may be due to 
differing degrees of reworking. This explanation probably does not 
apply to alder grains as they are said to be rather easily degraded 
(Sangster and Dale, 1964). So, differential preservation cannot be 
called upon to explain the entire pattern displayed by the pollen 
spectra. 

All in all, it appears that samples obtained from distal rhyth
mites in the Muir Inlet region do not provide satisfactory pollen 
spectra for analysis of local vegetation at the time of sediment 
deposition. Perhaps the most strongly supported conclusion that may 
be drawn from the data is that concerning environmental disturbance 
caused by glacier advance. 
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PALEOMAGNETIC ANALYSIS 

Oriented samples of lacustrine sediments were obtained from 
seven outcrops in the Muir Inlet region (Figure 35) in order to 
measure their remanent magnetic properties. These data were then 
analyzed to determine whether they could be used to distinguish 
and/or correlate the outcrops. As mentioned earlier, all of the 
sediments are raineralogically and palynologically similar. The 
paleomagnetic technique was employed to replace the ineffective varve 
chronologies, and it became an important correlation tool. Owing to 
this, a discussion of outcrop correlations and radiocarbon dates 
applicable to these correlations follows a discussion of the results 
of paleomagnetic analysis. 

Field Methods 

Samples were collected in cylindrical non-magnetic Lexan plastic 
sleeves 2.5 cm long and 2.5 cm in outside diameter. The sleeves were 
designed by Mr. Robert Marino (Marino, 1977) and had a beveled edge 
on one side to facilitate insertion into the soft silt and clay and 
to minimize deformation of the sediment during sampling. It was 
necessary to find a device to orient the sleeves (and thus the sam
ples) during the sampling procedure. Such a device (Figure 36) was 
designed by Dr. H.C. Noltimier and the author, and was constructed by 
the author. The sampler consists of a tooled aluminum tube which is 
mounted on a holder and into which the plastic sleeves fit. The 
holder has a tray across the bottom that accepts a Brunton compass 
which is mounted coaxially with the tube. The compass serves both as 
a level to orient the holder front-to-back and side-to-side and as a 
compass to obtain the azimuth at which the sample is taken. 

The tube is fixed at an angle of 30° from the tray, so that when the 
tray is level, the tube is 30° from horizontal. Brass pins were used 
to fix the holder to the outcrop, and a plastic plunger forced the 
sleeves into the sediment. 

The outcrops had natural slopes of 20 to 70°. Steps with vertical 
risers were cut into the silt and clay to obtain clean nearly ver
tical faces for sampling. Samples were taken every 25 cm vertically 
through the rhythmicially bedded portion of an outcrop. If the 
couplets are annual, this represents an average sample interval of 
between 20 and 25 years. 

After a vertical face was cut and the correct sample horizon deter
mined, the sampler was oriented with the tray horizontal, and it was 
pinned in place. The azimuth was read and recorded; a plastic sleeve 
was allowed to slide down the aluminum tube; and it was forced into 
the sediment with the piston. The sampler was removed from the 
outcrop and a "tick" mark was put on the uppermost part of the rim of 
the plastic sleeve with an indelible marker. This indicated the 
vertical plane through the sample and was used in the laboratory to 
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Figure 35. Map showing sites where samples were obtained for paleomag 
netic analysis. 
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Figure 36. Schematic of the sediment sampler used to obtain samples 
for paleomagnetic analysis. 
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find the original "up" position of the sample. Sediment was cut from 
around the sleeve with a steel brick-trowel. Some care had to be 
taken to Insure that the sleeve did not rotate around the sample 
(with silts and clays the fit was usually tight and this was not a 
problem). Care also had to be taken in cutting behind the sample so 
as not to lose material out the end of the sleeve. 

Once a sleeve was free of the surrounding sediment, excess 
sample was trimmed from the ends with a plastic spatula. Each sleeve 
was labeled with a spirit-based typewriter correction fluid, and each 
was wrapped to protect it from moisture loss. Plastic-wrap sealed 
with 2.5 cm wide masking tape worked well for this purpose. 

The sampling scheme employed was dictated by time and material 
available and by the estimated sedimentation rate for the outcrops 
sampled. Only 200 sample sleeves were available and only 138 were 
employed. Sampling required a large amount of time. Cutting flat 
vertical faces, orienting samples, removing then from the outcrop, 
and then labeling them were tedious and time consuming tasks. In 
general, only one line of specimens were obtained at an outcrop. 
One site, Wl, in Wachusett Inlet was sampled horizontally as well as 
vertically to determine the lateral variability of the magnetic 
recorder. A vertical transect of samples was collected; another was 
taken 10 cm away horizontally; and a third line was collected 1 m 
from the first. In addition, a short line, W5, was taken some 60 m 
up valley from Wl. The samples of W5 were traced physically to the 
Wl transects using the "varve" chronologies obtained from each site. 
Single-line transects were taken from five other outcrops. 

Laboratory Analysis 

All samples were sealed in the laboratory to further protect 
against moisture loss. The plastic-wrap was removed and the sleeves 
were wiped clean. Parafilm, a parafin and plastic based film was 
heat-sealed to the ends of the sleeves, and was trimmed to allow 
insertion of the sleeves into the magnetometer sample-holder. Sam
ples were stored in a refrigerator between analyses, again to prevent 
moisture loss. Despite the preventative measures taken, two of the 
coarser grained samples did dry out. This caused shrinkage of the 
samples away from the inner walls of the sleeves; and when the sam
ples were spun, the sleeves rotated around the sample. With their 
orientation lost, these two samples became unuseable for further 
inclination and declination measurements. 

Magnetic susceptibility was measured for all samples on a Soil 
Test low field magnetic susceptibility bridge. The technique is 
quick and simple to perform and is nondestructive to the remanent 
magnetization of the sample. 

The natural remanent magnetism (NRM) of each sample was measured 
with a Shonstedt SSM-1A spinner magnetometer. Intensity of magneti
zation was measured for each of three axes assigned uniformly to the 
samples by alignment of the "tick" mark on the plastic sleeve with a 

98 



line inscribed on the magnetometer sample holder. Uniform position
ing allowed the calculated total magnetic vector for each sample to 
be rotated into the geographic coordinates of the sample site. 

Each axis was measured four times, twice in the positive direc
tion and twice in the negative direction. Results were averaged to 
obtain the final vectors for inclination, declination, and intensity 
calculations. The magnetometer is capable of measuring two axes at a 
time (those perpendicular to the spin axis); therefore, six spins of 
the sample in each of six orientations were required for one sample 
analysis. Raw data obtained in this manner were reduced to inclin
ation, declination, and magnetic intensity using the "Paleoraag" 
computer program of the Paleomagnetic Laboratory of the Department of 
Geology and Mineralogy, The Ohio State University. Mr. Robert 
Bartman under the supervision of Dr. H. C. Noltimier has most 
recently revised and updated the program. 

Twenty samples were randomly selected for demagnetization exper
iments. They were demagnetized in an alternating current field in 
100 oersted steps. This procedure randomizes the magnetic vectors of 
magnetic grains with low coercivities, and is useful in removing any 
viscous remanent magnetization (VRM) from the total NRM vector 
(McElhinny, 1973). Examination of the rotation of the total NRM 
vector provides a measure of the stability of magnetization (As and 
Zijderveld, 1958). In other words, when rotation has stopped, it is 
assumed that a stable magnetization has been reached. 

Visual inspection of a plot of normalized magnetic intensity 
J/J versus the demagnetizing field can also be interpreted to in
dicate when a stable intensity has been reached. Generally, such a 
curve will flatten at some point. The area beyond the knee of the 
curve and the flat area are taken to be the "stable" area (Noltimier, 
per. comm.). Another approach is the calculation of a stability 
index such as that of Briden (1972) whose index takes account of 
directional and intensity changes in the magnetic vector between 
successive demagnetization steps. The field at which the stability 
index is the greatest is said to be the best one for cleaning. The 
"Paleomag" program calculates values and plots displays for all three 
types of stability evaluations. 

From the results of the twenty test samples, it was decided that 
all remaining samples should be cleaned in peak alternating current 
fields of 100 and 200 oersteds. The data sets of particular outcrops 
plotted and discussed below were chosen from the NRM, 100 oe, or 200 
oe sets based on the Fisher statistics (Fisher, 1953) calculated for 
each of the three sets by the "Paleomag" program. In general, the 
data set with the greatest Fisher k (precision value) and the small
est cone of confidence around the average magnetic vector (alpha 95 
confidence limits) was chosen for further analysis. 

A "first order" filter was applied to all data. The Koenigs-
berger ration, Q , was calculated for each sample. Q =J /J. where 

o, n o i 
J =intensity of NRM (measured in gauss in cgs units) and J.intensity 
or induced magnetization for the sample (also in gauss). J.=kH where 
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k=bulk magnetic susceptibility, a proportionality, constant for the 
sample with units of gauss/oersted, and H=strength of the earth's 
field at the sample site (measured in oersteds) . Susceptibility 
values were measured for all samples and the value of H was taken to 
be 0.575, the present field strength in the Muir Inlet region 
(Fabiano and others, 1976). Koenigsberger (1938) originally defined 
the ratio, Q for volcanic rocks where Q is related to thermore-
raanent magnetization (TRM). Q is said to have "less fundamental 
significance but more practical value" for paleoraagnetic analyses 
(Stacey and Banerjee, 1974, p. 115). Multidomain grains usually have 
a 0\ value between 0.2 and 1.0, but pseudo-single domain grains have 
a greater thermoremanence and higher Q values. If the natural 
remanence has a thermoremanent origin, Q may have values larger than 
1.0 also. According to Stacey and Banerjee, Q (or Q ) values larger 
than 0.5 indicate the presence of fine grains with high coercivities 
and most likely high stabilities. For the purpose of deleting un
stably magnetized specimens, those with Q values less than 0.5 were 
omitted. The summary of results presented below shows data sets both 
with and without low Qn data points. 

Q seems to work well as a filter for the data sets treated 
below, but care must be taken in its application to other data sets, 
especially those from sediments. 

For one thing, k is dependent on grain shape and type of mate
rial in the case of single domain grains, and on N, the demagnetizing 
factor, for multidomain grains. N is a function of the shape of the 
individual magnetic bodies and the direction of magnetization across 
the bodies. It is independent of the magnetic material (McElhinny, 
1973). The mode of dispersion of the magnetic grains is also import
ant to k. If H were to have changed significantly when the magneti
zation was acquired, Q would also have changed. At a magnetic 
reversal when the field intensity is said to drop to zero (McElhinny, 
1973), Q would probably become infinitely small for any sample as no 
induced magnetization, J, would be acquired if there was no field 
intensity, H. No such reversals occur during the period of interest 
to this study; however, and grains of magnetite with roughly equi-
dimensional shapes estimated to be 0.5 to 20 microns in diameter (by 
visual inspection of several magnetite samples magnetically separated 
from bulk sediment samples) make up most of the magnetic component of 
the specimens. Grains of this size have multidomain structures 
(McElhinny, 1973). 

In addition to the problems outlined above, sediments generally 
have low Q values (Stacey and Benerjee, 1974). The nature of the 
lacustrine sediments of Glacier Bay makes them particularly suited 
for the Q filtering technique, however. They are largely unaltered, 
and much of the magnetite is probably a first-cycle sediment (whose 
NRM is largely a reoriented TRM). 

As a result, they are strongly magnetic. It must be emphasized 
that the Q value suggests only that the magnetization of a sample is 
stable or unstable. It does not say how that magnetic vector relates 
to the magnetic inclination or declination of the earth's field at 
the sample site when the sediment was deposited. Further examination 
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of this problem will accompany a discussion of the results of the 
analyses. 

Results of Paleoraagnetic Analysis 

Demagnetization Results 

As mentioned earlier, visual inspection of several samples 
revealed the presence of magnetite, and the behavior of the twenty 
test samples (cf. Figure 37 for results from four samples) indicates 
that magnetite is the major magnetic component of the samples. The 
ratio of magnetic intensity/NRM intensity (J/J ) falls to 0.5 in 
demagnetizing fields of 300 to 500 oe. This is typical of fine
grained magnetite (McElhinny, 1973). Figures 38 and 39 show the 
changes in inclination and declination of the magnetic vector of the 
same four samples at successive demagnetization stages. Samples 
appear to be stable to about 400 or 500 oe. With increasing demag
netization, inclination and especially declination begin to change 
greatly. If large magnetite grains with low coercivities are being 
demagnetized at low alternating current field values, then the small
er highly coercive grains appear to be poorly aligned (particularly 
in the case of declination) from sample to sample. It is difficult 
to say whether small grains have undergone post-depositional reorien
tation or whether they were initially poorly aligned with the earth's 
field at the time of deposition. Samples 131 and 052, whose behavior 
during demagnetization is the least stable especially with regard to 
inclination, were removed by the Q filter. 

Magnetic Susceptibility 

The usefulness of magnetic susceptibility measurements in the 
correlation of Holocene lacustrine sediments has been proven by a 
number of studies (Thompson, 1973; Freed and others, 1975; Turner and 
Thompson, 1979). Susceptibility data from the three parallel trans
ects at site Wl and the short transect at W5 (Figure 40) suggest at 
first glance that these data can be used to make outcrop correla
tions. High susceptibility values are found in the upper- and lower
most sediments, and low values are found in between. However, a plot 
of magnetic susceptibility on the same diagram with median grain-size 
(Figure 41, site Al is shown as it has a wide range in median grain-
size values) indicates that susceptibility is a function of grain-
size. This is probably a hydraulic affect . . • the larger the 
median grain-size, the greater was the energy of the transporting 
system . . . and a relatively greater amount of magnetite (a mineral 
with high specific gravity) was transported to the site of deposi
tion. Freed and Healy (1974) have shown that susceptibility differ
ences in some deepsea cores they studied are a function of ferri-
magnetic mineral concentration; however, they give no data for grain-
size distributions. 

Figure 42 shows a scatter-plot of magnetic susceptibility versus 
median grain-size for 65 samples selected from the seven outcrops. 
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Figure 37. Demagnetization plot for four of twenty test 
samples used to determine the best peak field 
strengths in which to clean the remaining 
samples. 
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Figure 38. Behavior of the magnetic inclination of the four 
test samples shown in figure 37 with successive 
demagnetization. 
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Figure 39. Behavior of the magnetic declination of the four 
test samples shown in figure 37 with successive 
demagnetization. 
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Figure 40. Magnetic susceptibility of three vertical sam
ple-lines through site Wl and one line through 
W5. "Varve" records were used to match the 
records from the two sites. 
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Figure 41. Magnetic susceptibility and median grain-size 
vs. depth at site Al. 
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Figure 42. Magnetic susceptibility vs. median grain-size for 64 
samples from which both measurements were obtained. 
The line was fit to the data by regression analysis. 
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The regression line through the data points has a correlation factor, 
r=0.83, and r is therefore about 0.70, indicating that approximately 
70 percent of the variability in the data is accounted for by the 
relationship shown by the line. 

Owing to the grain-size affect, magnetic susceptibility is not 
considered to be a reliable correlation tool for the lacustrine 
sediments under investigation here. Very local conditions of cli
mate, vegetation cover, topographic relief, and available sediment 
are likely to have caused contemporaneous sedimentation patterns to 
have been very different at the various sample sites. Certainly, 
grain size decreased with increasing distance from the sediment 
source, and according to the relationship suggested, susceptibility 
must decrease in this direction also. Although these problems pre
clude the use of susceptibility as a correlation tool, magnetic 
susceptibilities (Figures 43-45), were used with NRM intensities to 
calculate Koenigsberger ratios, Q , for each of the samples (Figures 
46-48). ~ n 

Remanence Measurements 

It is assumed that the NRM measured for the samples is a detri-
tal remanent magnetization (DRM) acquired during or shortly after 
sediment deposition. A large body of literature exists on the re
manent magnetism of glacial "varves" (McNish and Johnson, 1938; 
Ising, 1942; Griffiths, 1955; Granar, 1958; Griffiths and others, 
1960; Rees, 1964). And work on "varves" has continued (Noel, 1975; 
Verosub, 1979a, 1979b). Verosub (1977) reviews much of the early 
work on the depositional and post-depositional processes in the 
magnetization of sediments including a section on glacial "varves". 

From the results of the above workers, it has become apparent 
that glacial "varves" often have a strong and stable remanent magnet
ization. Verosub (1975) sampled penecontemporaneously folded 
"varves" and undeformed "varves" below them, and he demonstrated that 
the DRM he measured was acquired by the sediments within three years 
after deposition. Further work (Verosub and others, 1979) indicates 
that water content is critical to the development of a stable re
manence, but that the critical value is reached at or soon after 
deposition in the case of glacial "varves". Just how that magnetic 
vector relates to the aligning field is a subject of some debate. 

Since the days of McNish and Johnson (1938), it has been observ
ed that the inclination recorded by glacial "varves" is less than 
that of the aligning field by 20° (in general). This seems to be the 
case for the Muir Inlet data also. Filtered average inclinations 
(Table 12) have values between 47° and 67°. The values predicted by 
an axial geocentric dipole model is about 74° and the present value 
is 75° (Peddie and others, 1976). 

Why there should be a shallowing of the inclination is also a 
matter of some discussion. The affect was termed "inclination error" 
by King (1955). Various physical explanations for the error have 
been proposed (grain-shape distribution, King, 1955; particle rolling 
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Figure 43. Total magnetic intensity and magnetic susceptibility 
vs. depth for sites Wl, M5 (upper) and M5 (lower). 
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Figure 44. Total magnetic intensity and magnetic susceptibility 
vs. depth for sites KH and A9. 
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Figure 45. Total magnetic intensity and magnetic suscepti
bility vs. depth for sites Al and M3. 
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Figure 46. Koenigsberger ratios calculated from intensity 
and susceptibility measurements for sites Wl, 
M5 (upper) and M5 (lower). Samples to the left 
of the dashed line are considered to be unstably 
magnetized. 
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Figure 47. Koenigsberger ratios calculated from intensity 
and susceptibility measurements for sites KH 
and A9. Samples to the left of the dashed 
line are considered to be unstably magnetized. 
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Figure 48. Koenigsberger ratios calculated from intensity 
and susceptibility measurements for sites Al 
and M3. Samples to the left of the dashed 
line are considered to be unstably magnetized. 
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TABLE 12 

Paleomagnetic Data Summary 

ALL DATA 

Wl 200 oe 
W5 NRM 
KH NRM 
M5U NRM 
M5L NRM 
A9 NRM 
M3 100 OE 
Al NRM 

Mean Inc. 

59.6 
60.6 
60.9 
50.8 
54.9 
63.5 
56.7 
51.2 

Mean Dec. 

1.6 
5.6 
12.2 
354.1 
358.9 
350.3 
40.2 
29.3 

K 

81.5 
261.6 
18.2 
98.7 
35.1 
12.3 
29.6 
10.7 

Cone of 
Conf. 
a95 

2.7 
4.7 
6.5 
4.9 
6.3 
11.0 
7.2 
14.6 

LOW Q DATA EXCLUDED ^n 

Wl 200 OE 
W5 NRM 
KH 200 0E 
M5U NRM 
M5L NRM 
A9 NRM 
M3 100 oe 
Al NRM 

59.6 
60.6 
61.0 
51.1 
53.1 
66.7 
53.9 
46.7 

1.6 
5.6 
14.2 

355.4 
359.1 
353.4 
38.0 
28.7 

81.0 
261.6 
20.8 
99.2 
39.8 
73.4 
39.1 
15.4 

2.7 
4.7 
7.5 
5.2 
6.4 
7.1 
6.7 
12.7 
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on the substrate, Griffiths and others, 1960; particle rolling on a 
sloping substrate, King and Rees, 1966; rotation of grains by flowing 
water, King, 1955; Granar, 1958). More recently (Blow and Hamilton, 
1978; Richardson and Noltimier, 1980a; 1980b) it has been shown that 
the mechanisms of deposition, compaction, and diagenesis may have a 
significant affect on resulting magnetic inclination. Experimental 
results indicate that the error is greatest for slow grain-by-grain 
deposition and least for deposition from concentrated slurries and 
accounts for the 20° inclination error commonly observed in glacial 
"varves". Barton and McElhinny (1979) found no inclination error in 
redeposited lake sediment until drying-compaction occurred. 
Richardson and Noltimier (1980b) reported an inclination error of 29° 
consistent with a post-depositional compaction of 67 percent. 

Declination is probably affected by current flow (Griffiths and 
others, 1960; Rees, 1964). Griffiths and others found declination 
variations of up to 10° from the ambient field in experimental situa
tions where flowing water deposited sediment, and Rees found much 
greater deflections. These results are for experimental data, and 
their relation to natural sediments is not always clear. Some cur
rent direction data were obtained from the outcrops sampled for this 
study. At site Wl where the average magnetic declination is about 
N2E, current directions as measured from ripples in the glacial 
rhythmites that were sampled for magnetic analysis and from cross-
bedded sands varied from S30E to S70E and are at an angle of 110° to 
150° from the recorded declination. 

At site M.5 where the upper and lower packages of rhythmites have 
magnetic declinations of N5W° and N1W° respectively, flow directions 
of N15E to N30E were measured. These directions are only 15 to 35° 
away from the magnetic declinations for the outcrops. Lastly, at 
site Al, where a deltaic complex backfilled Adams Valley, the average 
magnetic declination for the site is N29E. The average transport 
direction for sediment down the delta front is S53E, a difference of 
98°. Apparently the orientation of the average magnetic declination 
recorded by lacustrine sediments in the Muir Inlet region was not 
strongly influenced by water currents. 

It is quite likely that much of the variability within indivi
dual data sets was introduced by fluid flow. Figure 49 shows the 
inclination and declination data obtained from the multiple sampling 
of sites Wl and W5. Inclinations are seen to vary by as much as 
15.5° and declination by as much as 30.6° at any one sample horizon. 
Verosub (1979b) found a similar variability in the paleomagnetic 
record from glacial "varves" in New England. Some of the variability 
in inclination and perhaps all of the variability in declination 
arises from the affects of currents at the time of deposition. Vary
ing degrees of compaction probably are responsible for some of the 
variability in the inclination record also. Overlying sediment and 
overriding glacier ice both acted to compact the sediments. 

Owing to the variability inherent in the data and the short 
length of record at any one site (usually 150-300 "varves", or 300 
years or less) the data from each outcrop were averaged, and these 
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Figure 49. Magnetic inclination and declination vs. 
depth for three sample lines at site Wl 
and one line at site W5. "Varve" records 
were used to match records from the two 
sites. 
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averages were considered for correlation purposes. Site M5 had an 
upper (M5U) and a lower (M5L) package of rhythmically bedded sedi
ments, and these were averaged separately. Table 12 presents both 
filtered and non-filtered averages; k, the Fisher precision statis
tic; and the radius of the cone of confidence around the mean mag
netic vector. In general, filtering increases the precision as 
measured by k. Where the cone of confidence decreases in size with 
filtering, the radius of the cone lessens by 2° to 4°. Where it 
increases, the increase is only 0.1° to 1°. Overall, the Q filter 
seems to "improve" the data even if only slightly. In the case of 
site 49 (Figures 50 and 51), dramatic swings in declination and 
inclination (not expected over the estimated 25 years or less between 
samples) are removed from the record. Both nonfiltered and filtered 
data are also presented graphically in Figures 52 and 53. 

It is apparent (particularly for filtered data) that five of the 
outcrops (Wl, W5, M5U, M5h, and A9) have mean declinations within 
6.5° of due north. Two outcrops, M3 and Al, have declinations 29° to 
38° east of north, and one outcrop, KH, falls between the two groups 
(although given the confidence limits at the 95 level, this outcrop 
lias more affinities to the group of five than to M3 or Al). KH has a 
relatively long "varve" record, some 400-450 "years". A detailed 
examination of KH (Figures 54 and 55) reveals that the lower portion 
of the outcrop from 5.5 to 9.5 m has a mean declination close to due 
north (N1W for filtered data). Clearly, the lower portion of the 
outcrop belongs with the group of five whose declinations cluster 
around north. The upper portion of KH is represented by few samples, 
and the declinations of these fluctuate greatly even after filtering. 
It is not clear where this part of the outcrop fits with respect to 
the other outcrops sampled. If the couplets at KH are annual, its 
magnetic record may be too long for averaging to be used success
fully. A true secular variation of the earth's field (a declination 
swing to the east) may be represented in the data. The erratic 
nature of the data precludes a clear answer however. Inclination 
differences are more subtle than those for declination. Sites Wl, 
W5, KH, and A9 have mean inclination values between about 60° and 
62°, and f43 and Al, the sites with easterly declinations, have mean 
inclinations of only 54° to 47°. It would be satisfying to believe 
that secular variation of the earth's field was responsible for the 
shallow inclinations at M3 and Al; nowever, sites M5U and M5L also 
have low inclinations (51° to 53°). Post-deposttional compaction and 
perhaps overconsolidation of the sediments by overriding glacier ice 
may be the most significant factors determining mean inclinations at 
the sites. Nevertheless, the declination variations are considered 
to be records of real secular variation of the earth's field. 

Several radiocarbon dates place the declination differences 
outlined above into a time framework. A date of 1640 + 50 years BP 
(DIC-1316) was obtained from the outermost wood of a stump in growth 
position, rooted in the uppermost silts of site KH. Obviously, the 
silts were exposed anil vegetated after drainage of the lake in which 
they were deposited. Plant growth and soil genesis may be the cause 
of the erratic magnetic record of the upper portion of the outcrop. 
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Figure 50. Magnetic inclination and declination vs. 
depth at site A9 (all data are included). 
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Figure 51. Magnetic inclination and declination vs. 
depth at site A9. Data points with low 
Koenigsberger ratios have been removed. 
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Figure 52. Stereographic projection of the mean inclinations 
and declinations of sites sampled for paleomagnetic 
analysis. Circles represent cones of confidence 
around the means at the alpha 95 level (all data 
included). 
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Figure 53. Stereographic projection of the mean inclinations 
and declinations of sites sampled for paleomagnetic 
analysis. Circles represent cones of confidence 
around the means at the alpha 95 level (data with 
low Koenigsberger ratios have been removed). 
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Figure 54. Magnetic inclination and declination vs. 
depth for the lower portion of site KH 
(data points with low Koenigsberger ratios 
have been removed). 
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Figure 55. Magnetic inclination and declination vs. 
depth for the upper portion of site KH 
(data points with low Koenigsberger ratios 
have been removed). 
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The stumps were large, 45 to 60 cm in diameter, and probably 
began to grow at least 200 years prior to 1640 years BP (Decker, 
1966). Cooper (1923) reported tree trunks up to 120 cm in diameter 
and up to 400 years old at this site (by tree ring counts). If the 
rhythmites at KH are annual, the lowermost ones were deposited 450 
years or so prior to lake drainage. These assumptions provide a 
minimum estimate of 2300 years BP for the initiation of lacustrine 
deposition. Haselton (1966, Table 6) gives dates of 2265 + 150 years 
BP and 2340 + 115 years BP for wood above lacustrine deposits in Muir 
Inlet. Dates of 1980 + 100 years BP and 1975 + 150 years BP were 
obtained from wood above lake sediments in Adams Inlet (McKenzie, 
1968, Table 6 ) . Furthermore, a date of 2620 + 120 yrs BP was 
provided by allochthonous wood 1 m below the top of Lacustrine 
deposits at Goose Creek in Muir Inlet (Haselton, 1966). 

The fact that sites with northerly declinations occur in Muir, 
Adams, and Wachusett Inlets suggests that this was one large lake. 
Clasts up to 60 cm in diameter occur in these sediments and indicate 
that ice was calving into the lake, probably from an ice dam across 
the mouth of Muir Inlet, but perhaps from glaciers in the Individual 
inlets. It appears that this lake was receiving sediment by 2400 to 
2600 years BP, and it may have formed somewhat earlier than that. 

The forests that developed on lacustrine deposits clearly indi
cate that the lake had completely drained by 1800 to 1900 years BP 
(perhaps slightly before this in some places). All of the dated wood 
above lacustrine beds in Muir Inlet (in. situ or not) was found in 
gravels of the upper Van Horn Formation suggesting that outwash 
deposition succeeded lacustrine deposition in most places. 

A date of 1700 + 100 years BP was obtained from an In situ stump 
covered by the lacustrine Adams Formation and obtained near the 
eastern end of Adams Inlet (McKenzie, 1968, Table 6 ) , and alloch
thonous wood associated with the Adams Formation provided dates of 
from 1770 + 100 years BP to 1535 + 100 years BP. Clearly the lake 
these sediments were deposited in was younger than the previously 
discussed lake, and the sediments at Al (Adams Formation) have an 
average declination of about N30E. These sediments were deposited in 
an ice-dammed lake. The sediments at site M3 have no radiocarbon 
dates associated with them, but their easterly magnetic declination 
suggests that they too were deposited in a lake that was younger (or 
certainly a different age) than the lake dating from 2300 to 2600 
years BP. It is likely that sediments at Al and M3 began to be 
deposited about 1700 years BP, and deposition continued for at least 
several hundred years until the lakes were overridden by ice or 
filled by sediment. 

Paleomagnetic records for comparison to the Muir Inlet data come 
from the Great Lakes region and from Europe. Mackereth (1971) ob
tained a record of the variation of the horizontal component of 
remanent magnetization from sediment cores from Lake Windermere, 
England. Radiocarbon dates were obtained at maximum easterly and 
westerly declination swings throughout the length of one core. A 
maximum westerly declination swing dates at 2575 + 250 years BP and 
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the easterly swing above it (about a 30° deflection) was dated at 
1330 + 2750 years BP (Mackereth, 1971, p. 335). The core was not 
oriented (it was taken vertically though), and the declination 
changes are relative. Greer and others (1972) published inclination 
records for Lake Windermere and attempted to rotate the cores into 
oriented positions by matching the upper records to measured field 
variations for the past several hundred years. Records from Lakes 
Michigan and Erie (Creer and others, 1976a; 1976b; Dodson and others, 
1977; Vitorello and Van Der Voo, 1977) show similar swings from a 
westerly one at 2500 years BP to an easterly one at 1500 years BP. 
This agrees well with the timing and direction of the declination 
change recorded in Glacier Bay. 

The dating of the Great Lakes cores is less precise than for 
Lake Windermere owing to a lack of organic matter in the sediment 
(particularly for Lake Michigan). "Magnetic dates" were assigned to 
the cores assuming a 2090 year periodicity to the declination oscil
lations, and palynologic correlations to dated sections were also 
used to "date" the cores. Besides the declination changes, these 
records indicate a slight shallowing of inclination from about 2500 
to 1500 years BP. 

Creer and others (1976a) attempted to orient the Lake Michigan 
and Lake Windermere records in order to plot virtual geomagnetic pole 
(VGP) positions for the two records. They obtained different VGP 
positions for declination swings of similar (but not exactly the 
same) age and direction. The pole positions for any given fluctu
ation at the two sites were quite different, and the authors attrib
uted this to secular variations in the non-dipole field. It is 
difficult to assess the validity of core rotations to obtain "orien
ted" data. Fortunately, an archeomagnetic record from Yugoslavia and 
Bulgaria exists which provides oriented magnetic data not affected by 
inclination error (these are TRM data) that cover most of the period 
of interest to this study (Kovacheva and Veljovich, 1977). The dates 
cited here were obtained from "calibrated dates" in years B.C. pub
lished by Kovacheva and Veljovich. The dendrochronology/radiocarbon 
correction chart of Suess (1970) was used to transform the dates to 
approximate radiocarbon dates for comparison to radiocarbon dates 
from the Muir Inlet region. 

VGP positions for the archeomagnetic data from 2900 yearss BP to 
2000 years BP were replotted along with VGP positions from the mean 
magnetic vectors for outcrops in the Muir Inlet region (Figure 56). 
From 2700 to 2000 years BP, the archeomagnetic data indicate a clear 
trend of west to east movement of the geomagnetic pole. The same 
general trend is shown by the Muir Inlet data from the group of older 
data (2300-2600 years BP) to the younger points (post-1700 years BP). 
a great deal of disparity exists between the records though. Much of 
this variation may be due to compact ion of the lake sediments. For 
example, if the mean inclination of site M3 is increased by 20° (a 
good value for inclination error) the VGP moves to a position much 
closer to the 2000 years BP position for the archeomagnetic record. 
Uniform corrections cannot be applied to the Muir Inlet data, how
ever, as absolute sediment compaction is not known. Uncertainty also 
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Figure 56. Stereographic projection of northern hemisphere VGP 
positions for Glacier Bay sites (points surrounded by 
dashed lines) and European data (points on the broken 
line). Dates are in years BP. The plot of M3 average 
declination and average inclination plus 20° is shown 
at the end of the dotted arrow. 
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exists In the radiocarbon dates themselves and Ln the transformation 
of "absolute" dates to radiocarbon dates. This uncertainty is prob
ably on the order of 200 to 300 years. Nevertheless, the overall 
trends in the two data sets match fairly well given the problems 
outlined above. The declination record in Glacier Bay is probably 
quite good even if the inclination record has been altered by com
paction, and the European archeomagnetic record appears to substan
tiate the conclusions that have been drawn about the timing of the 
declination changes in the Muir Inlet region. 
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SUMMARY AND CONCLUSIONS 

The objective of this study was to test the hypothesis that 
fine-grained Holocene sediments in the Muir Inlet region (interpreted 
to be lacustrine in origin) had formed behind ice-dams, and that the 
deposits were a record of Neoglacial ice advance in adjacent Glacier 
Bay. To test the hypothesis, an attempt was made to ascertain the 
environment of deposition of the sediments and to date and correlate 
spatially separated lacustrine outcrops. 

The techniques used in the study include x-ray mineral determi
nations and gasometric carbonate measurements, palynologic investi
gations, the construction of "varve" chronologies, and paleoraagnetic 
analyses. Stratigraphic investigations provided insight into the 
conditions of sediment deposition. 

Evaluation of the Methods Employed 

Mineralogy 

It was found that the mineral composition of all fine-grained 
sediments that were analyzed was similar. Qualitatively, it can be 
said that chlorite, illite, amphibole, and probably quartz are the 
most important components in the clay-sized fraction. Feldspar, 
quartz, carbonate (calcite and dolomite), amphibole, and magnetite 
comprise the most important components of the silt-sized fraction. 
Mineral determinations do not suggest any significant differences 
between outcrops. The mineralogy of the deposits is consistant with 
the idea that much of the sediment was derived from the erosion and 
redeposition of local bedrock and is consistent with the idea of 
sediment homogenization and deposition in a large lake basin. 

Sedimentary Setting 

A study of stratification sequences and sedimentary structures 
within the sediments suggests that the deposits did form behind ice-
dams. Dropstones (up to 60 to 70 cm across) were found at all expo
sures. The sediments were probably deposited near sources of sedi
ment input to the lakes, and sedimentary structures at most sites 
suggest that gravity flows (both dense underflows along the bottom 
and interflows) were important in the emplacement of the sediments. 
Graded beds, climbing ripples, and load casts all suggest rapid 
sediment deposition. Both the lack of lacustrine sediment at the 
mouth of Muir Inlet and the abundance of gabbro erratics south of 
Muir Inlet on the east side of Glacier Bay suggest that ice from the 
west arm of the bay did dam Muir Inlet during the Neoglacial. 
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Stratification sequences in Adams Valley indicate that the 
mechanisms of sediment transport and deposition changed from largely 
traction dominated in braided outwash channels on delta surfaces to 
largely suspension dominated in distal lacustrine sites. 

Classical "varve" studies of the fine silt-clay couplets in the 
glaciolacustrine sediments do not seem to be possible in the Muir 
Inlet region. Erosion or non-deposition of some laminae or couplets 
has occurred at most sites. The erosive affects of turbidity cur
rents were probably responsible for removal of couplets. 

Within the study region, it is also possible that more than one 
couplet was deposited each year or that contemporaneously deposited 
packages of annual couplets at sites only a few kilometers apart 
could have very different thickness variations. Couplets may be 
annual sediment increments, but they cannot be correlated by classi
cal "varve" techniques. 

Pollen Analysis 

Pollen is sparse in these sediments, and the pollen that is 
present does not aid in the correlation or differentiation of out
crops. Macrofossil evidence (Cooper, 1923; 1931; Goldthwait, 1963) 
suggests that spruce-hemlock forests occupied sites on stable hill
sides during Hypsitherraal and Neoglactal times. Alder pollen and 
fern spores are the most common taxa in samples obtained from lacus
trine sediments. Other taxa are overwhelmed by percentages of these 
two. 

Alder thickets with an understory of ferns may well have been 
important along the shores of Neoglacial lakes and along the courses 
of outwash streams that were probably more active than they had been 
during the Hypsithermal when glaciers were smaller. There is also 
some evidence that preferential transport or hydraulic sorting of 
pollen caused over representation of alder and fern spores in the 
lacustrine sediments. Some of the fern spores were probably rede-
posited grains that survived oxidation and weathering of older 
deposits. 

The large amounts of alder and fern spores in the pollen spectra 
do not have profound significance in terms of regional, Neoglacial 
lowland climate. Alder is a pioneer species on disturbed sites, and 
the pollen data do indicate disturbance of local vegetation, probably 
induced by ice advance and outwash deposition, or fluctuations in 
lake levels. 

Based on macrofossil data and sparse pollen data from peat 
horizons (Cooper, 1923; 1931; Goldthwait, 1963; McKenzie, 1970) it is 
suggested that lowland vegetation was not significantly different 
from the "mature" vegetation that would be expected under present 
climatic conditions. These findings are different from those of 
Heusser (1960) who suggested a Neoglacial climate for lowland sites 
based on pollen data that was cooler and more moist than the Hypsi-
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thermal climate of the region. It has been documented with pollen 
and macrofossil evidence that significant Holocene vegetation (cli
mate) change did occur in this region (Borns and Goldthwait, 1966; 
Rampton, 1971; Alley, 1976; Miller and Anderson, 1974; Denton and 
Karlen, 1977). Most of this evidence comes from sites at higher 
elevations, and these sites may have experienced climate fluctuations 
that affected their vegetation but did not affect lowland vegetation. 

Paleomagnetic Analysis 

Samples from seven outcrops of silt-clay rhythmites in the Muir 
Inlet region suggest that the sediments have a stable detrital rem
anent magnetization (DRM) that can be used to aid in outcrop cor
relation. Four sites have average magnetic declinations close to due 
north, and a fifth has a 4 m section whose average magnetic declina
tion is very close to due north. Two outcrops have average magnetic 
declinations 30° to 40° east of north. Radiocarbon dates for a few 
outcrops place these secular magnetic variations into an absolute 
time-framework that fits well with secular magnetic variations ob
tained from archeomagnetic studies in Southern Europe (Kovacheva and 
Veljovich, 1977). 

Magnetic inclinations are about 20° less than one would expect 
for sites near 60°N latitude. This observation is consistant with so 
called "inclination errors" discussed by many other authors for 
glaciolacustrine sediments. This reduction in magnetic inclination 
makes it impossible to compare the Muir Inlet record to the European 
record in a detailed manner, but the trends in magnetic declination 
of the two records match well from 2900 to 2700 years BP to 2000 to 
1700 years BP. 

Significance of the Results 

The study suggests that glaciolacustrine sediments of the Muir 
Inlet region do record periods of Neoglacial ice advance in Glacier 
Bay. Results of the paleomagnetic analyses are limited by the small 
number of outcrops that were sampled, but they are significant in 
terms of understanding the history of ice advance recorded by the 
lacustrine sediments. 

Radiocarbon dates bracket sediments with a northerly magnetic 
declination. Stumps in growth position in lower Van Horn gravels 
just below glaciolacustrine sediments at several sites in the Muir 
Inlet region are older than 3000 year BP. Dates for ijn situ stumps 
above the middle Van Horn lacustrine sediments vary from 2300 to 1650 
years BP (Goldthwait, 1963; 1966; Haselton, 1967; McKenzie, 1968). 
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Allowing for the period of tree-growth and assuming that coup
lets are annual (remembering the possible errors involved), glacio-
lacustrine deposition, and therefore lake damming probably began 
roughly 2900 to 2300 years BP. A comparison of the magnetic data 
from Muir Inlet with that of the European magnetic record suggests 
that the older end of the range is probably more correct. Lake 
damming probably occurred some 2900 to 2600 years BP. 

Lake sediments of this age occur in Muir, Adams, and Wachusett 
Inlets, and this suggests that one large ice-dammed lake was present 
in the Muir Inlet region at this time (Figure 57). If the sediment 
couplets are annual (or if more than one couplet per year was de
posited) lacustrine deposition only lasted for several hundred years 
at most sites. The growth of radiocarbon-dated trees on lacustrine 
deposits or gravels above lake beds suggests that the lake had drain
ed by 2300 years BP. 

The location of the drainage-way for this lake and later lakes 
cannot be given with any certainty. Shorelines and drainage-ways 
were not preserved. Water may have drained over, through, or under 
the ice-dam across the mouth of Muir Inlet, or Endicott Gap may have 
acted as a drainage-way. 

By 1700 years BP, another ice advance had caused the damming of 
a second lake or lakes in the Muir Inlet region. Sediments in Adams 
Inlet and in Muir Inlet southwest of Wolf Point along the south fork 
of the Muir Remnant River can be correlated to one another based on 
remanent magnetic properties. It is suggested that they were de
posited during this advance. Lacustrine sediments dating from this 
time do not appear to be widespread, but this conclusion cannot be 
confirmed without paleomagnetic analyses of more lacustrine sedi
ments. The advance does appear to have been more extensive than the 
earlier one. Ice advanced into Adams Inlet from the southwest and 
blocked Adams Valley (McKenzie, 1968). Perhaps most of the younger 
lacustrine sediments deposited during the second avance were removed 
by later glacier erosion and the only abundant lacustrine deposits 
are those associated with the first advance. 

Neoglacial Ice Advance in Glacier Bay 

The history of ice advance in Glacier Bay has been summarized by 
a number of authors (Goldthwait, 1963; 1966; Haselton, 1966; 1967; 
McKenzie, 1968; 1970; McKenzie and Goldthwait, 1971; Derksen, 1976). 
The summary below relies heavily on the work of these authors and 
adds the information obtained by this study. 

The first Neoglacial ice advance in the region is recognized in 
the west arm of the Bay and is attributed to the Brady Glacier sys
tem. It is know that by 4200 years BP, ice had advanced into the 
upper reaches of the Bay (Goldthwait, 1966). The extent of ice 
advance is not known, and ice apparently did not advance far enough 
to dam Muir Inlet. 
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Figure 57. Approximate ice-front position at 4200, 2600, 1500 and 250 years BP as suggested 
by the distribution of dated organic remains beneath or upon glacial till and by 
the distribution of glaciolacustine sediments. 



Derksen has inferred a later advance of Brady Glacier in Taylor 
Bay and Dundas Bay at 2900 years BP, and this corresponds well to the 
advance of ice In the west arm of the Bay that dammed Muir Inlet at 
2900 to 2600 years BP. 

Ice from Carroll and Cushing Glaciers had probably advanced into 
the Wachusett Inlet area by around 2700 years BP as evidenced by a 
stump under till at 200 m elevation near Burroughs Glacier Remnant 
(Goldthwait, 1963). This ice may have filled the inlet and remained 
there during the short period of ice retreat in Glacier Bay that 
resulted in drainage of the first lake in the Muir Inlet region. The 
ice in Wachusett Inlet, like other glaciers in the Muir system, had 
advanced over Hypsithermal and Neoglacial sediments and was not 
subjected to rapid retreat caused by ablationin a marine fjord. 
Retention of ice would explain the lack of later lacustrine sediments 
in Wachusett Inlet. 

Ice from Muir Glacier advanced over a stump 450 m in elevation 
on the side of White Thunder Ridge after 2100 years BP. This date 
and the information stated above suggests that by the time of the 
second, widespread advance, ice of the Muir Glacier system was ad
vancing out of accumulation areas in the Alsek Ranges to the north 
and northeast of the Muir Inlet region. Some of this ice may have 
entered the lake from the north and west and provided ice-rafted 
clasts to the lake. 

Ice had retreated at least slightly from the mouth of Muir Inlet 
by 2300 years BP; however, by 1700 years BP, another advance was in 
progress. This advance dammed lakes in Adams and Muir Inlets. 
Haselton (1966) indicates a date of roughly 1400 years BP for advance 
of Casement Glacier over the forest beds at Forest Creek near Muir 
Inlet, and Bengtson (1962) gives a date of 1500 years BP for advance 
of Geikie Glacier over stumps in Geikie Inlet. Derksen (1976) sug
gest a climax for advance of Brady Glacier between 1960 and 1230 
years BP. 

The lacustrine record of the Muir Inlet region has no more to 
add to the Neoglacial history of Glacier Bay (except where very late 
stage deposits mark the furthest extents of ice advance), but there 
is evidence of ice retreat in Adams Inlet between 1100 and 700 years 
BP (McKenzie, 1970; McKenzie and Goldthwait, 1971). Derksen (1976) 
found evidence of a marked retreat of Brady Glacier during this 
interval. All authors indicate a period of ice advance between 700 
and 200 years BP. A radiocarbon date of 220 + 30 years BP (DIC-1315) 
was obtained from a stump in growth position on gravel and beneath 
lacustrine sediments in Beartrack Valley. This is 15 kilometers up-
ice from the Neoglacial terminal moraine near the mouth of the bay. 
The date suggests that ice advanced past Beartrack Valley and stood 
at its maximum extent for only a short time- Since about 1750 A.D., 
rapid retreat of most glaciers has occurred, and catastrophic retreat 
of tidewater glaciers has been observed. 
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Thus, the evidence gathered to date suggests that ice advanced 
into the upper reaches of the west arm of the Bay by 4200 years BP. 
At 2900 years BP, another advance was under way in the west arm and 
at the south end of the Brady system. This period of advance was 
also experienced by glaciers of the Muir system. Following a brief 
retreat, glaciers advanced in both drainages, probably from about 
1960 to 1230 years BP. From 1100 years BP to 700 years BP, there was 
another brief retreat, and from 700 to 200 years BP, a pronounced 
advance (the furthest Neoglacial advance -in Glacier Bay) took place. 
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DISCUSSION 

Neoglacial ice advances in Glacier Bay are only a few among many 
recognized Holocene glacial advances. Several authors have summa
rized the history of these advances (Porter and Denton, 1967; Denton 
and Karlen, 1973), and they have suggested broadly synchronous peri
ods of Neoglacial ice advances in many alpine areas. Several of 
these periods are also times of ice advance in Glacier Bay. Grove 
(1979) has recently reviewed the literature on Holocene glacial 
history, and suggests a far more complicated scheme. According to 
her summary (Grove, 1979, p. 41), workers have recognized glacial 
advances somewhere in the world throughout the entire Holocene. The 
only roughly synchronous advances that Grove recognized were at about 
2500 years BP and the last 500 years. These two periods of advance 
are represented in Glacier Bay. However, Grove concluded that it is 
not yet possible to decide whether or not Holocene glacial fluctu
ations were synchronous. 

Recent work in the central Alaska Range (Hamilton, 1977) sug
gests that glaciers there expanded 4500 or 3500 years BP and that a 
maximum was reached 3000 to 2500 years BP. Another advance began less 
than 1000 years ago. These dates match well with advances in Glacier 
Bay. Neoglacial advances of 12 glaciers along the Atigin River in 
the Brooks Range expanded 3400 years BP and perhaps 5000 years BP, 
but major advances are said to have occurred at 1200 (a time of 
retreat in Glacier Bay), 435, 240 and 140 years ago (Calkin and 
Ellis, 1978). 

Denton and Karlen (1977) suggest expansion of glaciers at the 
north end of the St. Elias Mountains that culminated 2600 to 2800 
years BP. Another brief advance is said to have occurred between 
1230 and 1050 years BP, and advances at 500 years BP and during the 
early twentieth century are also suggested. 

Thus, even within Alaska, Holocene glacier advances do not 
appear to have been synchronous. The period of ice advance at 1200 
years BP in the northern St. Elias Mountains and the Brooks Range 
seems to have been a period of retreat for glaciers in Glacier Bay 
and the central Alaska Range. Nonsynchronous behavior of glaciers in 
alpine regions is not surprising. Miller and Anderson (1974) have 
suggested that out-of-phase Holocene climatic trends in maritime and 
continental regions of the Alaska-Canada Boundary Ranges are the 
result of repeated shifts in the position of the Arctic Front 
throughout the Holocene. Storm paths are inferred to have shifted 
from the continental to the maritime side of the Ranges as the Front 
changed from one side of the Ranges to the other. Such an affect may 
in part explain the differences in Holocene glacial records between 
areas such as Glacier Bay and the northern St. Elias Mountains. A 
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number of local affects such as geographic exposure, local snow 
accumulation and wind transport, radiation budgets, and others cer
tainly affect individual glaciers. Pollen evidence suggests that in 
addition to the affects listed, Holocene climatic changes in the 
northwest part of North America have been time transgressive 
(Rampton, 1971; Alley; 1976; Mack and others, 1978; 1979; to name 
only a few recent authors) . 

In order to understand patterns of Holocene glaciation, it will 
probably be most expedient to gather the best data possible from 
individual alpine localities. The data can then be evaluated local
ly, and time transgressive climatic gradients that existed in the 
Holocene can later be identified on a regional or a worldwide scale 
as the necessary data becomes available. 
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APPENDIX A 

Records of silt-clay couplet thickness (cm) for the sites shown in 
figure 6. The following abbreviations indicate units other than 
couplets: gr - gravel; sa - sand; si - silt, usually massive; 
dm - diamicton; dt - couplets too disturbed to be individually mea
sured. In some cases, the thicknesses of major sand or gravel units 
are not included. 
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0.76 
1.64 

41.6 
50.2 
1.92 
51.2 
0.84 
4.10 
5.41 
7.63 
5.67 
9.04 
6.28 
7.55 
12.5 
2.75 
13.9 
16.8 
11.8 
18.6 
12.8 
40.8 
19.7 
0.72 
1.34 
1.53 
2.01 
1.77 
2.35 
7.57 
26.2 
19.7 
37.4 
32.2 
35.2 
26.0 
18.2 
2.88 
8.90 
6.67 
23.4 
3.97 
17.1 
40.2 
47.0 
13.0 
26.8 
16.8 

144 dt 
1.33 
2.92 
70.5 
67.4 
11.2 
20.2 
28.4 
12.2 
13.2 
17.0 
12.0 
285 dt 
17.2 
36.6 
19.9 
40.5 
25.1 
11.8 
5.89 
16.5 
10.3 
40.8 
11.8 
3216 
6.78 
2.30 
100 
34.2 
22.0 
27.2 
29.4 
3.31 
32.7 
11.1 
7.89 
6.63 
5.26 
5.07 
16.2 
19.5 
13.5 
17.2 
9.56 
18.2 
38.6 

37.1 
26.9 
9.26 
29.6 
20.6 
19.5 
3.57 
18.0 
14.4 
30.3 
17.2 
26.1 
39.4 
43.7 
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A5 top 

3 .84 
6 .86 
1.94 
3 . 0 3 
3 .39 
3 .56 
4 . 5 1 
2 . 0 5 
2 .49 
2 . 3 4 
3 .39 
1.69 
2 . 3 5 
4 . 5 7 
9 . 8 8 
6 .59 
3 .64 
1.99 
3 .12 
1.29 
2 . 8 6 
1.72 
2 . 0 1 
2 . 0 5 
4 . 2 4 
5 .78 
4 .14 
6 . 9 9 
4 . 5 6 
3 .44 
2 . 7 4 
2 . 4 4 
2 . 9 0 
2 . 3 4 
3 . 0 3 
3 . 3 1 
1.74 
1.47 
2 . 3 3 
3 . 1 1 
3 .14 
3 . 3 3 
5 . 6 1 
4 . 0 4 
1.92 
1 .71 

1.15 
1.17 
2 .14 
4 . 1 8 
2 .42 
1.85 
3 .45 
6 . 5 5 
6 .12 
1 .11 
0 .94 
1 .23 
3 .32 
5 .82 
2 .99 
2 .20 
3 .07 
1 .63 
1.49 
3 .42 
8 .09 
5 .58 
4 . 5 7 
2 . 1 3 
2 .34 
2 .17 
1.44 
3 . 4 2 
2 .34 
3 .26 
4 . 1 8 
4 .44 
4 . 4 3 
1.45 
6 .64 
2 .86 
4 . 1 3 
2 . 0 1 
5 .53 
1.78 
2 .07 
3 .28 
4 . 2 6 
5 .70 
9 . 8 1 
2 . 0 8 

6 . 2 5 
2 . 4 1 
2 .67 
6 .66 
3 .10 
5 .65 
7 .86 
6 . 4 8 
7 .75 
2 . 6 5 
1.67 
1 .61 
0 .82 
0 .89 
0 .69 
2 .29 
1.89 
2 . 2 7 
2 . 8 8 
4 . 7 6 
2 . 5 5 
1 .51 
1.10 
1.18 
1.17 
2 .22 
2 .70 
1.79 
1 5 . 8 
1.98 
1.42 
1.94 
1.88 
1.62 
4 . 4 9 
0 . 5 6 
1 .03 
0 . 5 5 
1 .43 
0 . 7 3 
0 . 7 6 
1.12 
1.07 
0 . 8 0 
1.05 
2 .49 

2 .59 
2 . 5 1 
5 . 2 1 
1.45 
3 .38 
0 .99 
1.72 
1.82 
2 .67 
1.45 
1 .71 
1.54 
5 .39 
4 . 6 6 
1.85 
4 . 7 9 
3 .68 
6 .75 
7 . 1 1 
1.00 
4 . 9 1 
6 .18 
4 . 0 5 
1.32 
2 .08 
0 .92 
4 . 8 5 
3 .24 
4 . 6 9 
1.88 
5 . 8 1 
2 . 0 1 
2 .50 
4 . 9 1 
2 .66 
3 .49 
2 . 4 1 
3 . 3 1 
5 .33 
4 . 8 5 
3 .42 
4 . 1 7 
1.70 
4 . 7 0 
1 1 . 5 
5 .70 

6 . 4 1 
4 , 7 3 
4 . 6 0 
3 .47 
9 .47 
2 .34 
5 . 2 1 
2 . 0 6 
2 . 7 1 
3 .37 
5 9 . 3 
4 0 . 5 
1 4 . 1 
4 . 0 0 
3 .30 
3 .90 
4 . 1 0 
5 .35 
0 . 3 0 
8 .40 
3 3 . 0 
1 3 . 5 
0 .20 
1.00 
0 .20 
1.20 
0 .25 
4 . 5 0 
6 .20 
5 4 . 0 
9 .90 
1.88 
3 .60 
4 4 . 1 
12 .6 
1 7 . 7 
1 8 . 9 
2 4 . 6 
2 3 . 5 
20 .6 
1 5 . 6 
9 . 6 0 
1 1 . 8 
1.60 
0 .95 
1 0 . 3 

8 .45 
0 . 6 5 
6 .00 
5 .20 
5 .45 
5 .45 
5 .53 
9 . 9 0 
1 2 . 0 
8 .83 
1 2 . 1 
9 . 4 1 
4 . 2 7 
1 6 . 2 
7 .67 
1 9 . 2 
1 4 . 6 
8 .54 
4 . 6 6 
1 6 . 8 
1 9 . 0 
1 3 . 3 
1 6 . 2 
34 .7 
9 .32 
3 .28 
8 .00 
1 8 . 4 
2 4 . 1 
1 8 . 1 
1 4 . 3 
1 7 . 2 
1 4 . 3 
7 . 6 3 
1 2 . 5 
14 .4 
8 2 . 6 
5 7 . 9 
3 6 . 8 
2 .45 
1 0 . 1 
1 7 . 5 
12 .9 
5 .05 
4 . 0 9 
4 . 8 3 

4 . 5 3 
4 . 1 6 
4 .24 
4 . 6 1 
1.34 
7 . 4 3 
7.58dm 
1.94 
2 . 8 3 
8 .65 
7 . 3 3 
11 .9 
10 .6 
1 0 . 5 
1 2 . 3 
1 0 . 8 
1 3 . 4 
1 2 . 5 
4 . 9 0 
2 4 . 8 
2 9 . 7 
1 5 . 6 
1 9 . 7 
5 .67 
2 3 . 9 
9 . 4 8 
1 3 . 8 
1 3 . 5 
1 0 . 1 
13 .7 
1 1 . 2 
1 0 . 4 
7 .36 
1 1 . 2 
2 .67 
6 .63 
5 .89 
1 0 . 0 
1 9 . 5 
1 1 . 7 
7 .95 
9 .66 
6 .09 
4 . 6 8 
1 0 . 9 
1 1 . 7 

13 .0 
32 .6 
0 .37 
3 .57 
16 .6 
6 .89 
1.87 
2 .66 
7 .48 
6 .69 
7 .19 
7 .05 
4 .16 
6 .41 
0 . 7 5 
2 .39 
3 .48 
4 .16 
4 .85 
1 3 . 0 
3146 
3 .03 
3 . 8 1 
3 .38 
1 7 . 3 
1 0 . 8 
15 .4 
4 . 8 1 
4 .04 
1 9 . 5 
5 .38 
4 . 3 3 
14 .4 
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A7 t op A8 t op 

0 . 6 9 4 . 1 8 1 0 . 1 3 6 . 3 1 6 . 6 0 . 6 5 2 .57 0 .50 
5 3 . 4 4 . 1 7 3 .25 1 7 . 8 8 8 . 8 0 . 9 3 0 .56 1.19 
4 1 . 2 4 . 6 9 5 .17 2 4 . 5 1.13 0 . 4 8 0 .72 0 .52 
1 0 . 4 0 . 5 7 9 . 4 3 0 . 5 8 0 .57 2 5 . 5 0 . 2 5 0 .99 
0 . 9 6 4 . 1 6 1.42 1.27 0 .74 0 .66 0 .38 0 .36 
1.24 3 . 5 3 1.36 0 .64 0 .79 0 .76 0 . 3 1 0 .49 
1 .93 1 8 . 6 3 1 . 9 0 . 7 3 0 .67 0 .72 0 . 3 1 0 .35 
1 3 . 7 1 2 . 6 1 4 . 5 0 .30 0 .45 0 .49 0 .59 0 .56 
4 . 5 0 7 .99 1 6 . 3 0 . 4 5 8 .62 0 . 4 3 0 . 4 8 0 .52 
6 . 7 8 9 . 9 5 7 .98 0 . 4 0 0 . 6 1 1.74 0 . 6 3 0 . 5 6 
1 0 . 6 6 .80 6 .34 0 .40 0 .60 0 .48 0 .64 5 .26 
3 7 . 2 8 .19 0 .57 0 .70 0 . 5 1 0 .47 0 . 7 8 
9 . 2 3 6 . 8 6 0 .20 1.05 0 .40 5 .48 1.87 
1 6 . 9 9 .62 0 .26 0 .64 0 .57 1.15 1.14 
2 1 . 9 1 3 . 6 0 . 7 5 0 .57 0 .54 0 .89 0 .66 
2 1 . 8 1 7 . 6 0 .37 0 .70 0 . 8 1 0 . 5 3 0 .45 
4 9 . 5 5 .74 0 . 5 1 0 . 6 3 0 .36 1 .51 0 .44 
2 8 . 0 1 1 . 4 1.32 0 .77 0 . 3 3 1.65 0 .32 
8 .52 2 0 . 7 0 . 6 1 0 .95 0 . 5 5 0 .39 0 .49 
106 1 1 . 9 3 .28 0 .82 0 . 4 8 0 .29 0 . 6 1 
2 7 . 0 1 6 . 3 2 .80 1.69 0 .54 0 .49 0 . 4 8 
1 0 . 4 4 0 . 1 0 . 5 5 1.11 0 . 8 1 0 .22 0 .55 
2 . 8 8 4 0 . 2 0 .46 0 . 6 3 0 .97 0 . 4 1 0 . 6 3 
1 7 . 2 1 6 . 5 0 .52 0 . 4 8 0 . 4 3 0 .86 4 .47 
1 0 . 7 1 0 . 6 0 .44 0 .26 15 .7 0 . 6 1 0 .46 
8 .00 3 . 7 3 0 .59 0 .65 0 .87 0 .29 0 .62 
8 . 3 1 1 0 . 9 0 . 5 0 0 .49 0 . 8 0 0 . 4 8 0 . 4 5 
5 .97 2 . 3 1 0 .45 0 .16 0 .74 0 .50 1.37 
4 . 7 5 4 . 8 2 0 .46 0 . 3 3 0 .50 1.43 0 .42 
1 3 . 5 5 . 7 3 0 . 3 0 0 . 4 3 0 .45 0 .57 0 . 5 1 
1 4 . 5 3 .24 0 .24 0 .50 0 . 3 ^ 0 .47 0 . 4 1 
2 .49 7 .25 0 . 4 0 0 . 6 1 1.09 0 .45 0 .50 
1 7 . 2 4 . 6 9 0 . 7 0 0 . 5 1 0 . 6 1 0 . 4 5 0 .54 
3 6 . 9 2 . 8 5 0 .44 2 .54 1 .71 0 .49 0 .32 
9 .62 3 . 8 3 0 . 8 2 2 .70 0 .52 0 . 4 1 4 . 5 0 
2 1 . 0 2 . 1 1 0 . 6 8 0 .66 0 .29 0 .40 2 .67 
1 7 . 7 2 . 0 5 0 .36 0 .70 1.43 1.04 
2 .77 1.69 0 . 3 5 0 . 6 0 0 .36 0 .87 
1 2 . 4 5 .16 0 .57 0 . 5 1 0 . 2 3 0 .96 
1 0 . 2 3 0 . 0 0 . 5 8 0 .56 0 .29 1.24 
1 0 . 6 3 .56 0 . 6 1 0 . 5 5 0 . 6 3 0 . 4 5 
1 7 . 2 72 .6 0 .42 0 .84 0 . 3 8 1.22 
2 . 8 2 5 . 8 3 5 . 7 3 0 . 8 0 1.14 1.29 
5 .07 6 .14 5 . 1 1 0 .64 2 .79 1 .51 
4 . 1 4 8 6 . 7 4 6 . 9 0 .70 1.01 0 .27 
3 . 0 3 1 0 . 2 6 4 . 5 0 .50 0 . 7 8 0 .70 
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A9 top CS top 

2.38 0.66 0.66 3.25 0.42 343 sa 
0.54 16.7 1.04 0.85 2.95 0.58 
1.04 0.94 0.93 0.96 0.32 1.29 
0.98 1.08 1.01 0.58 0.58 1.51 
1.96 0.91 31.8 0.51 0.56 1.80 
1.38 1.27 0.78 1.03 0.81 0.65 
0.73 o.45 0.76 1.10 0.68 1.73 
0.96 0.45 1.33 5.14 26.3 1.08 
0.82 0.58 0.60 1.90 16.9dm 3.17 
0.33 0.63 0.36 0.81 1.04 2.81 
1.07 0.51 1.13 0.54 0.57 1.65 
0.47 1.38 0.64 0.67 0.62 1.58 
0.48 39.1 1.25 0.53 4.13 3.31 
0.56 14.5 0.63 0.62 1.67 0.79 
5.31 0.77 0.74 0.64 1.18 1.08 
0.61 0.81 0.54 2.07 5.01 0.86 
0.79 1.33 0.43 0.45 0.45 0.29 
0.54 0.87 0.46 0.25 0.42 1.22 
0.68 0.75 0.77 0.44 0.56 1.22 
0.64 0.47 0.38 0.32 0.58 16.0 
0.68 1.21 0.46 0.65 5.60 42.6 
0.75 1.38 0.70 0.49 1.51 4.05 
0.53 2.72 0.84 1.26 0.81 5.26 
1.06 10.2dt 1.03 10.4 1.07 7.93 
0.60 1.38 5.65 0.71 3.23 6.31 
0.68 - 0.70 1.43 0.44 1.54 
0.71 0.78 0.85 0.68 4.53 
0.64 0.88 0.86 0.71 17.4 
0.42 0.78 0.59 0.79 10.1 
0.63 1.01 0.66 2.32 3.07 
0.80 0.32 0.43 0.73 2.59 
14.7dm 0.71 1.17 0.62 1.94 
1.18 0.51 2.11 0.64 2.67 
1.23 0.77 0.45 0.82 9.71 
0.58 0.92 0.37 0.93 5.10 
0.51 0.54 0.90 11.0 1.38 
0.67 0.78 0.85 1.28 0.81 
0.26 0.89 0.86 0.46 3.80 
0.96 0.68 0.92 0.76 2.75 
0.93 0.46 13.9 0.38 0.32 
0.66 0.98 1.30 0.52 0.73 
0.45 3.25 0.85 0.72 0.40 
0.61 1.89 0.56 0.49 3.16 
0.34 0.74 0.28 0.47 0.24 
0.51 1.03 0.98 0.36 0.65 
0.79 0.41 0.79 0.44 5.18 

dm 
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KH top 

1.56 0.91 1.12 0.18 1.31 1.75 0.54 1.01 0.80 
1.65 2.83 1.69 0.28 1.18 1.78 0.73 0.46 0.62 
2.26 4.64 0.95 0.21 0.72 1.25 0.89 0.39 0.80 
1.25 12.8 0.55 0.55 1.70 8.39dm 0.71 0.18 0.53 
1.18 1.78 1.03 0.23 1.24 0.91 1.65 0.39 1.28 
0.52 1.37 4.08 0.27 0.94 1.04 4.20 0.31 1.10 
0.39 3.83 4.92 0.39 0.84 2.68 0.62 0.35 1.03 
1.23 2.94 4.17 0.33 1.10 1.03 0.51 0.35 1.31 
1.29 24.4 2.84 0.98 1.43 0.87 0.77 0.37 0.78 
0.45 28.6 3.08 1.96 2.40 0.52 0.32 0.82 0.52 
1.07 4.05 2.18 0.93 1.17 2.46 1.40 0.65 0.62 
0.40 0.85 1.30 0.47 0.84 1.54 0.94 0.47 0.93 
0.38 3.59 0.36 0.84 0.59 1.46 0.78 0.46 0.50 
0.74 2.37 0.44 0.81 1.94 1.75 0.45 0.53 12.8dt 
0.85 1.94 0.45 0.90 1.18 1.55 0.39 0.58 0.77 
0.83 1.97 0.45 0.61 1.19 1.19 0.41 0.71 1.18 
0.96 1.28 1.75 0.62 2.53 3.86 0.40 0.65 1.39 
0.93 1.33 2.14 0.65 0.85 31.1dt 1.02 1.47 2.05 
0.97 1.22 7.94 0.85 1.96 35.2 0.22 0.59 1.05 
1.32 0.78 8.73dm 0.39 1.82 1.10 0.43 0.95 0.55 
1.00 2.82 15.8dm 0.82 0.69 0.57 1.79 0.87 0.55 
0.54 1.12 7.07dt 0.43 1.13 1.03 0.55 0.40 0.46 
2.95 1.22 3.63 0.58 1.38 0.79 0.96 0.42 0.66 
1.23 1.36 1.11 0.44 0.89 0.69 0.93 0.39 0.43 
1.80 1.83 1.38 1.26 2.23 4.29 0.77 1.47 2.47dt 
0.99 1.06 3.30 1.31 31.7 1.19 0.80 0.49 1.09 
1.46 7.65 1.63 1.10 6.62 1.22 0.35 0.35 1.60 
0.88 0.47 0.46 1.22 1.28 1.52 0.77 0.58 1.11 
1.30 0.45 0.53 1.59 1.10 1.37 0.58 0.76 1.73 
1.28 0.64 0.57 2.21 1.01 2.11 0.97 0.69 5.48 
0.54 0.48 1.29 1.34 0.98 10.9dt 0.73 0.60 1.13 
2.64 0.58 1.56 1.92 1.14 13.8 0.72 0.73 0.55 
0.45 0.43 0.69 lOOsa 1.02 1.13 1.17 0.42 2.19 
1.16 0.48 2.38 50dm 2.37 1.19 0.89 0.47 1.26 
0.76 1.25 1.74 30dt 2.10 0.73 0.65 0.59 1.02 
0.81 0.67 1.89 15.5 1.51 0.65 0.40 0.60 0.99 
1-71 1.19 1.28 2.15 1.50 0.39 0.52 1.07 0.89 
1.64 1.55 1.19 1.30 0.59 0.78 0.49 0.47 1.99 
2.22 1.08 1.30 1.83 0.45 0.60 0.60 0.83 0.99 
1.41 1.11 2.26 1.46 0.77 l.o7 0.82 0.84 0.80 
0.98 1.02 2.08 3.05 1.38 0.65 0.39 1.08 1.58 
4.06 0.78 1.82 1.68 1.26 0.94 0.38 0.53 0.66 
1.29 0.33 60.0gr 2.00 4.46dm 0.80 3.33dt 0.50 0.44 
0.75 1.70 0.60 0.39 1.23 0.64 1.77 1.14 0.49 
2.10 1.49 0.19 1.63 1.11 0.73 0.53 1.20 0.66 
0.98 1.40 0.59 0.48 1.60 0.53 0.35 1.06 1.22 
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KH cont. Ml top M2 top 

0.64 0.98 1.17 1.75 4.22 4.01 0.79 0.46 
1.08 1.00 2.43 3.41 7.48 3.92 0.75 0.66 
0.89 0.88 2.52 17.0 2.72 2.72 2.07 0.49 
0.90 0.75 0.61 6.90 2.49 2.43 1.64 0.17 
0.34 5.01dt 5.28 4.09 3.61 1.79 1.34 0.29 
0.77 8.14 2.51 11.2 2.36 3.95 1.54 0.42 
0.41 5.92 2.08 8.79 6.25 1.67 1.68 0.91 
0.68 2.96 21.0 8.96 3.45 3.08 1.35 1.72 
1.93 9.64dt 3.76 5.39 1.09 2.42 1.51 0.30 
3.02 16.6dt 4.01 5.60 2.24 4.38 0.56 0.46 
0.41 5.36 9.26 1.85 1.87 0.96 0.47 
0.78 4.11 9.66 2.98 1.11 1.48 0.33 
1.66 17.6 8.30 3.64 0.98 0.57 1.72 
1.21 5.79 12.1 2.44 0.98 0.73 0.52 
2.54 4.75 3.57 2.32 2.14 0.46 0.70 
0.92 3.02 3.34 1.66 2.38 0.73 0.54 
3.20 2.60 5.35 1.81 4.47 0.43 0.35 
2.38 5.53 2.94 2.30 0.38 0.45 
1.48 8.95 1.93 0.95 0.64 0.51 
2.50 11.0 1.86 1.84 0.59 0.29 
1.81 3.22 3.20 1.83 0.50 0.45 
3.50 3.83 1.93 1.35 0.43 0.28 
3.72 2.42 2.82 3.10 0.45 0.21 
2.07 3.75 2.44 2.78 0.21 0.91 
6.89 4.99 2.49 2.69 0.67 0.20 
4.08 3.82 2.38 2.83 0.17 0.97 
3.05 4.63 1.89 2.74 0.52 0.38 
6.36dt 1.96 0.93 1.84 0.51 0.72 
1.26 6.69 0.95 3.00 0.58 0.50 
0.76 6.73 0.12 5.35 0.28 0.20 
0.91 1.93 1.64 5.43 0.32 0.35 
0.76 3.82 2.49 2.19 0.45 0.25 
1.66 3.66 2.59 2.29 0.40 0.31 
0.36 4.36 2.90 1.82 0.98 0.28 
0.24 1.67 2.51 1.25 0.87 0.91 
0.28 2.10 2.40 1.66 0.77 0.31 
0.55 5.44 1.13 1.84 0.61 0.42 
2.30 3.10 0.94 1.36 0.41 0.42 
0.85 4.05 1.32 1.44 0.49 0.49 
1.18 1.93 1.43 1.05 0.66 0.47 
0.37 3.63 1.15 1.41 0.23 
0.39 3.33 0.89 1.41 0.66 
0.39 2.93 1.93 0.65 0.70 
0.62 8.79 2.49 3.44 0.35 
0.80 10.1 2.92 2.40 0.59 
7.08 gr 4.74 0.98 0.43 
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M3 t op M4 top 

4 .07 2 . 4 5 0 .92 0 .52 1.05 0 . 7 3 0 . 4 1 1.70 
0 . 9 1 2 .29 1.36 0 . 7 3 0 .79 0 . 3 3 0 .47 2 . 1 8 
0 . 6 3 1 .23 0 .64 1.35 0 .76 0 .42 4 . 7 5 0 .36 
1 8 . 5 2 .06 1.07 0 .82 0 . 3 8 0 . 4 5 0 .32 0 .49 
3 .30 2 . 9 0 0 . 7 8 0 . 5 3 1.14 1.03 0 . 3 3 0 . 8 1 
2 .07 2 .45 0 .64 1 .61 0 .47 0 .32 0 . 5 3 0 .95 
3 .30 1 .01 0 . 2 8 0 .96 1 .41 0 .44 0 .90 1.33 
8 .68 2 .08 0 . 9 1 0 . 7 3 1.19 1.06 0 .57 0 . 8 5 
8 .05 3 .29 1.05 0 .46 1.09 1.12 0 . 4 3 1.27 
2 . 1 1 2 . 0 4 2 .08 1.32 0 . 9 1 0 .77 1.30 0 . 9 1 
2 . 3 5 2 .44 0 .50 0 .96 0 .76 0 .27 0 .54 0 .76 
2 . 4 8 3 . 4 1 2 . 4 5 0 .54 0 . 8 3 0 .72 0 .56 0 .74 
6 .83 1.51 0 .69 0 .57 1 .05 1 .61 3 .24 1.81 
3 . 4 3 2199 0 . 1 1 0 . 4 9 1.29 0 . 9 1 0 .52 
1.97 1.24 1.24 0 . 4 5 1 .01 0 . 6 0 0 . 5 8 
4 . 7 2 3 .29 1 .33 0 .52 1.42 0 .22 0 . 6 8 
2 .75 1.67 2 .00 0 .40 0 .86 0 .89 0 . 7 1 
2 . 0 5 8 . 2 1 1.00 0 . 4 0 1.13 2 .32 1.78 
3 . 7 3 1.26 0 .64 1.22 6.57 1.77 
2 .24 2 . 1 5 0 .75 0 . 9 6 0 . 4 3 1.47 
2 . 5 4 0 .99 0 .36 1.43 0 . 8 3 0 . 2 1 
3 .19 1 .53 1.26 2 .36 0 . 5 5 0 .40 
1 .51 0 .87 0 .95 2 . 7 5 0 . 7 3 0 .49 
2 .07 1 .88 0 . 9 5 1.83 0 . 6 5 0 . 8 3 
1 2 . 1 1.39 0 . 6 2 0 .40 0 .86 0 . 3 5 
3 .10 1.78 0 .69 0 . 2 8 0 .52 0 .46 
4 . 5 9 2 .15 1.43 0 . 3 6 1.98 0 . 2 5 
1.18 1.72 1.50 0 .44 1 .31 1.24 
1.45 2 .67 0 .76 1.22 0 .99 6 .79 
2 . 2 0 4 . 9 6 1.12 0 .34 0 .52 0 . 6 1 
1 .51 1.36 1.22 0 . 3 3 0 . 4 1 0 . 6 4 
1.58 2 . 4 1 0 .72 0 .96 0 .85 1.17 
1 .71 1.43 1.57 0 . 3 8 0 . 8 8 0 . 5 5 
1.15 0 .99 1.44 0 .27 1.05 0 . 3 3 
0 . 6 1 1.02 1.47 0 . 4 1 0 .60 0 . 2 5 
0 . 4 0 1.65 0 . 9 8 1.22 5.47 0 .56 
3 .26 2 . 4 8 0 . 6 3 1.41 0 .76 0 .67 
3 .26 2 . 1 1 o . 4 1 1.16 0 . 6 3 0 . 7 2 
1.47 2 . 5 3 0 . 5 2 0 . 7 1 0 .56 1.25 
0 . 2 6 2 . 4 8 1 .71 1.94 0 . 5 5 0 .64 
1.10 1.47 0 .49 0 .62 3 .83 0 . 6 8 
0 . 8 2 0 .72 1.18 1.03 0 .94 0 .24 
1.67 1.33 0 .49 1.67 0 .49 1.06 
1.86 1.57 0 . 8 1 0 .54 0 .44 0 . 5 5 
2 . 0 6 3 . 0 1 1.15 0 . 2 0 0 . 6 3 1.50 
3 .37 2 .82 0 .52 0 .16 0 .78 0 .94 
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M5 top 

2.83 
2.10 
2.18 
0.97 
1.65 
2.45 
4.73 
4.70 
1.92 
1.01 
1.22 
2.00 
1.30 
3.10 
4.83 
1.29 
1.14 
1.44 
2.96 
2.82 
1.13 
0.46 
0.89 
1.24 
3.28 
2.64 
0.45 
1.53 
1.54 
0.69 
1.42 
5.03 
1.91 
1.27 
1.00 
2.29 
4.33 
0.81 
0.94 
0.63 
0.65 
0.66 
0.89 
0.44 
0.97 
0.92 

0.91 
1.01 
0.89 
0.80 
1.36 
0.91 
1.42 
1.55 
1.53 
1.55 
1.64 
1.30 
0.95 
1.39 
1.46 
39.6 
13.4 
58.8sa 
0.75 
2.08 
1.31 
24.7 
40.9 
20.9 
1.61 
9.13 
34.3 
5.03 
15.9 
2.18 
0.94 
1.82 
0.76 
0.91 
20.5 
sa 

67.6dt 
0.19 
1.21 
0.86 
1.13 
9.42 
0.85 
0.79 
1.33 
1.23 

6.91 
0.70 
0.79 
0.93 
0.83 
0.92 
2.99 
0.99 
0.58 
0.45 
0.39 
0.60 
5.24 
7.40 
6.30 
0.46 
1.49 
0.76 
0.60 
0.64 
1.94 
1.20 
0.38 
0.51 
0.44 
0.29 
0.34 
0.40 
2.15 
2.30 
1.12 
0.87 
0.58 
0.76 
2.27 
1.06 
0.83 
3.99 
17.1 
6.03dt 
8.48 
0.74 
0.66 
0.53 
1.00 
0.69 

1.23 
0.62 
0.54 
0.91 
0.54 
0.60 
1.11 
3.45 
1.49 
1.31 
1.22 
0.75 
0.79 
1.13 
0.73 
0.97 
0.75 
0.79 
0.23 
0.80 
1.13 
3.50 
0.48 
0.81 
0.98 
1.00 
0.46 
0.54 
0.67 
0.45 
0.58 
0.46 
2,42 
0.69 
1.25 
0.52 
0.41 
0.58 
0.42 
1.22 
0.40 
1.30 
0.72 
2.01 
1.11 
0.44 

0.86 
0.74 
0.58 
2.00 
2.33 
1.11 
0.83 
0.90 
0.81 
0.40 
0.76 
1.03 
1.22 
0.76 
0.54 
0.72 
0.60 
0.46 
0.93 
1.73 
1.11 
0.84 
0.82 
0.45 
0.63 
0.35 
0.65 
1.01 
2.80 
1.20 
1.72 
6.72 
0.78 
1.64 
0.77 
o.79 
0.18 
0.28 
0.53 
0.93 
0.65 
7.97 
0.58 
0.50 
0.66 
0.78 

0.64 
2.01 
0.88 
0.52 
0.38 
0.87 
1.24 
0.94 
3.42 
0.82 
0.46 
0.51 
0.83 
1.64 
1.47 
0.36 
18.4 
0.77 
1.02 
1.04 
0.51 
1.12 
0.54 
5.07 
0.36 
0.61 
2.18 
6.79 
0.85 
0.83 
0.97 
l.o3 
0.85 
2166 
0.54 
1.11 
0.86 
0.50 
0.57 
0.76 
2.97 
sa 

3.93 
1.07 
1.00 
1.20 

2.28 
0.81 
0.87 
1.31 
0.70 
0.53 
0.69 
2.32 
10.9 
0.45 
0.41 
1.24 
11.8 
0.47 
0.63 
0.58 
0.89 
3.99 
0.87 
1.26 
0.60 
13.6 
0.77 
0.40 
0.61 
1.25 
7.32 
1.04 
1.09 
1.03 
2.03 
0.27 
5.66 
0.81 
0.88 
4.89 
1.01 
0.47 
0.70 
0.61 
0.77 
9.31 
0.69 
0.92 
12.4 
14.8 

0.75 
0.67 
0.82 
4.40 
1.38 
1.17 
8.68 
1.03 
0.30 
7.66 
0.59 
0.43 
0.47 
0.49 
0.95 
6.17 
0.67 
5.11 
3.99 
3.60dt 
3.74 
0.42 
7.47 
0.99 
0.97 
4.42 
0.53 
0.35 
0.23 
0.24 
0.87 
0.36 
0.79 
15.3 
0.81 
0.67 
0.61 
0.88 
15.1 
0.70 
0.91 
0.93 
8.11 
0.52 
1.01 
1.22 

4.39 
0.67 
0.64 
1.22 
7.39 
1.08 
0.55 
0.68 
5.63 
0.56 
0.67 
1.31 
0.47 
4.05 
0.88 
0.51 
0.56 
5.17 
3.88 
4.25 
0.64 
0.92 
18.0 
0.40 
0.40 
0.59 
0.66 
12.0 
0.52 
0.46 
0.33 
0.81 
16.7 
1.02 
9. 22 
0.75 
6.51 
4.60 
0.60 
0.93 
16.8 
0.76 
11.1 
9.03 
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M6 top NC top NN top 

4.69 0.57 2.55 2.55 11.7si 9.42sa 1.67sa 12.6 0.95 
1.13 0.81 1.10 1.77 25.0dm 0.66gr 2.54 1.72 1.90 
0-49 1-29 0.61 2.76 0.26 3.11sa 0.33 27.0sa 0.25 
0-81 0.89 1.34 0.96 0.90 0.75gr 0.67 2.64 0.95 
2-35 0.97 1.65 2.49 2.28 32.8sa 7.83sa 1.15 0.40 
6.88 1.21 1.79 2.74 2.07 1.15gr 7.03dt 0.40 0.40 
°-81 1.95 3.97 0.99 0.95 2.29sa 4.42si 0.69 0.20 
1-78 1.29 2.07 0.91 1.96 0.98gr 4.48sa 1.84 1.00 
1-38 1.70 3.30 1.57 1.22 24.3sa 6.44sa 1.66 18.7 
0.89 1.13 1.24 2.04 2.86 2.21 1.34 0.92 4.55 
8.09 1.29 1.48 2.52 0.37 0.80 3.09 0.57 2.40 
7.85 0.89 2.61 0.89 1.59 0.67 3.30 0.29 2.25 
4.29dt 0.81 3.02 4.18 0.69 0.87 0.41 0.57 1.30 
3.22 1.38 3.54 4.70 3.23 1.34 2.94 3.04 1.60 
1-54 1.54 2.24 2.45si 3.55 0.27 0.26 3.04 2.40 
1-13 0.97 2.75 0.32 1.23 0.40 4.27 1.09 3.05 
5.42 40.0dt 14.4 0.38 1.64 0.20 3.76 1.15 2.00 
7.85sa 0.49 2.66 1.88 0.79 0.33 11.2 3.95sa 2.95 
97.1dt 0.32 2.09 1.72 17.2 0.20 4,79 4.15 3.40 
2-75 0.32 2.90 1.47 0.74 0.27 0.93 0.60 5.75 
15.2sa 0.40 2.28 2.45 0.79 0.44 0.82 1.20 6.00 
16.2 0.49 4.17 1.68 0.53 0.47 0.98 0.85 7.15 
2.35 22.8 1.45 1.28 1.32 0.74 2.63 0.50 2.70 
1-29 0.49 1.63 1.12 0.48 0.80 1.96 1.70 1.70 
0.73 0.73 0.98 0.67 2.44 18.7sa 4.79 3.60 2.15 
0.81 1.62 1.41 0.74 0.53 0.33 6.44 3.35 2.60 
1-13 0.65 1.54 1.09 1.27 0.67 4.27 2.35 0.65 
1-46 9.49 1.24 6.26 1.32 4.55 1.55 6.50 1.75 
2.43 0.65 1.47 1.06 7.95sa 1.67 0.52 1.80 2.75 
4-29 1.38 1.46 27.2dt 1.59 0.33 0.41 1.75 3.05 
0-81 0.97 1.08 1.15 0.90 0.33 0.77 5.75 2.25 
1-46 0.57 2.01 1.10 2.65 0.40 0.62 2.05 6.60 
0-97 0.73 1.48 0.67 2.54 0.40 0.31 2.10 3.45 
1.78 0.65 3.11 0.82 13.6gr 0.27 0.82 2.20 4.75 
14.6 0.40 0.69 0.85 0.32 0.94 0.62 1.15 2.50 
93.0dt 0.57 4.59si 1.58 0.32 0.87 0.36 1.25 2.00 
89.1dm 0.57 0.57 42.7dt 0.42 0.87 3.61 1.15 0.85 
0-65 5.82 2.24 2.38 1.20 0.52 2.05 0.65 
0.97 2.27 3.13 11.3sa 0.54 0.62 1.10 2.90 
0.73 68.0dt 3.03 1.23gr 0.60 2.42 0.45 0.45 
0.73 4.24 7.78sa 0.80 1.55 0.35 0.65 
0-65 7.16 1.06gr 0.67 0.26 1.50 3.05 
0.40 1.69 4.75sa 0.33 0.91sa 1.30 0.70 
1-05 10.4si 2.38gr 0.40 2.63 1.55 1.95 
1-64 1.29 2.38sa 0.40 20.4 1.10 0.60 
0-89 2.64 2.21gr 1.00 28.7 0.45 2.34 
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NN cont 

0.54 
2.68 
0.67 
1.47 
1.20 
1.14 
1.34 
6.16 
5.15 
6.36 
2.68 
5.96 
1.47 
1.81 
1.14 
1.81 
2.07 
1.20 
1.00 
5.69 
1.41 
0.74 
5.49 
4.79 
0.92 
0.92 
0.52 
0.59 
0.33 
0.98 
7.22 
6.69 
2.82 
2.95 
5.12 
1.64 
22.6 
4.07 
0.85 
0.72 
0.85 
0.39 
0.46 
0.33 
0.72 
0.33 

• 

0.52 
0.59 
1.05 
0.98 
2.23 
2.30 
1.97 
1.12 
1.05 
0.33 
1.18 
0.79 
0.98 

Wl top 

1.12 
1.79 
0.50 
2.52 
4.75 
0.91 
2.12 
3.68 
0.51 
1.09 
1.43 
1.69 
1.15 
1.34 
2.48 
1.75 
1.29 
1.78 
3.11 
3.87 
2.08 
1.49 
1.32 
0.61 
1.99 
2.28 
2.93 
2.96 
2.16 
1.21 
0.85 
0.96 
0.98 
1.85 
1.66 
3.68 
0.80 
0.78 
1.13 
1.72 
2.97 
2.84 
0.64 
1.83 
0.97 
0.69 

0.69 
0.90 
2.40 
3.73 
1.21 
1.28 
1.45 
0.83 
1.96 
1.65 
1.76 
0.77 
0.99 
1.47 
1.73 
1.87 
1.17 
1.35 
1.58 
1.99 
3.38 
0.82 
1.33 
1.72 
0.94 
1.18 
3.86 
1.49 
1.19 
1.65 
7.09 
1.10 
1.53 
1.21 
0.97 
0.98 
1.76 
1.67 
1.33 
1.25 
0.39 
1.01 
1.85 
1.86 
3.36 
0.85 

1.05 
1.00 
1.02 
1.36 
1.93 
0.76 
0.44 
0.43 
1.90 
2.08 
2.73 
1.65 
1.87 
2.07 
3.71 
3.91 
1.01 
1.04 
1.25 
2.54 
1.54 
1.17 
1.35 
0.85 
0.90 
2.39 
1.63 
2.31 
2.49 
0.88 
1.78 
6.52 
0.60 
1.38 
3.38 
1.57 
1.76 
2.24 
1.76 
1.98 
12.6 
1.08 
2.17 
1.09 
1.20 
0.90 

1.72 
1.58 
1.45 
2.31 
7.07 
1.33 
1.59 
2.95 
3.94 
1.19 
1.50 
4.17 
1.84 
1.91 
4.17 
1.89 
7.18 
1.43 
6.44 
1.02 
1.01 
0.89 
1.08 
3.65 

W5 top 

0.66 
1.49 
5.86 
1.86 
1.39 
1.62 
2.76 
1.86 
1.34 
1.86 
1.40 
1.30 
1.15 
1.73 
5.42 
0.40 
1.16 
2.22 
1.98 
2.70 
0.33 
1.77 
1.05 
1.36 
1.10 
1.30 
1.98 
2.16 
0.80 
1.31 
2.24 
2.18 
4.55 
2.07 
2.22 
3.91 
3.64 
1.10 
0.87 
1.03 
1.08 
2.75 
1.47 
1.34 
1.51 
1.04 

1.12 
2.31 
2.20 
2.41 
1.95 
1.37 
1.49 
1.36 
6.49 
0.64 
1.57 
3.55 
1.50 
1.60 
2.45 
1.55 
1.64 
12.1dm 
1.06 
2.22 
1.21 
2.43 
1.60 
1.58 
2.91 
2.24 
5.95 
1.04 
1.70 
6.97 
1.05 
1.52 
3.05 
1.51 
1.74 
1.61 
3.03 
1.67 
3.54 
1.24 
1.96 
2.82 
1.03 
0.87 
0.85 
1.15 

9.37 
2.12 
3.90 
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APPENDIX B 

Detailed descriptions of selected stratigraphic sections. Locations 
are shown on Figure 6. 
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Section A9 

Description Thickness (m) 

Sand, yellow-brown, fine, crossbedded 1.00 

Silt, brown, massive 0.10 

Forest duff, dark brown 0.01 

Silt, brown, massive, loamy 0.44 

Silt and clay, gray, very disturbed 

rhythmites 0.24 

Sand, red-brown, medium, massive 0.06 

Sand, red-brown, fine with silt stringers 0.06 
Silt-clay, gray, rhythmites 0.3 to 5 cm 
thick, contain pebbly silt layers up 
to 9 cm thick 4.04 

Sand and gravel, red-brown, poorly sorted 0.85 

The measured section begins a few m above the present beach. 
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Section KH 

Description Thickness (m) 

Sand and gravel, It. yellow-brown, 
poorly sorted, contains stumps 
in upright position 3.00 

Sand, gray, fine and minor gray silt, 
horizontally laminated, laminae are 
5-10 mm thick 0.11 

Forest duff, dk. brown, with stumps 

rooted in growth position 0.05 

Clay, blue-gray and gray, thinly laminated 0.38 

Sand, dk. gray, fine, massive 0.31 

Silt, gray, massive 0.15 

Clay, gray-green, thinly laminated 0.03 

Sand, It. gray, fine, with very low 
angle cross-beds 0.47 

Silt-clay, gray, rhythmites 0.3 to 25 cm 
thick that contain pebbly silt layers, 
massive sand-beds, and gravel channel-
fills 9.09 

Sand and gravel, It. yellow-brown, poor
ly sorted 8.00 

The section ends at the top of the present beach. 
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Section Ml 

Description Thickness (m) 

Sand, gray, medium to coarse, ripple 
cross-laminated 0.09 

Sand, gray, coarse, and gray medium 
sand, horizontally laminated, lam
inae average 1 cm in thickness, 
contains some organic debris 0.31 

Sand, gray, coarse with floating 

pebbles up to 1 cm in diameter 0.16 

Sand, gray, medium, massive 0.20 

Sand, gray, fine to medium, ripple 
cross-laminated 0.06 

Sand, gray, medium to coarse, contains 
pebbles up to 1 cm in diameter, some 
iron-oxide staining, faint ripple 
cross-lamination, irregular lower 
contact 0.05 

Sand, gray, medium, ripple cross-lamin
ated, present as a wedge-shaped body 0.03 

Sand, gray, coarse, horizontally lamin
ated, streaks of yellow iron-oxide 
present 0.21 

Sand, gray, medium to coarse, horizon
tally laminated 0.09 

Sand and gravel, dk. brown, poorly 
sorted with pebbles up to 10 cm in 
diameter 3.74 

Silt-clay, gray, rhythmites 1 to 21 cm 
thick 3.62 

Stream 

The base of the measured section begins about 20 m above 
the top of present beach. 
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Section M3 

Description Thickness (m) 

Sand, gray, very coarse, 2 cm deep 
scours are cut into the unit below 0.04 

Sand, gray, medium to coarse, irregu
lar ripple cross-lamination 0.08 

Sand and gravel, gray, poorly sorted, 
pebbles average 1.5 cm in diameter 0.02 

Sand, gray, medium, contorted ripple 
cross-lamination 0.09 

Sand and gravel, gray, poorly sorted, 
pebbles average 3 cm in diameter, 
with a maximum diameter of 8 cm 0.60 

Sand and gravel, gray, fewer pebbles 
than above unit 0.37 

Silt and clav, gray, rhythmites 0.5 
to 18.5 cm' thick 2.82 

Diamicton, gray-brown, large angular 
clasts up to 30 cm in longest dim
ension in a silty matrix 0.88 

Silt, blue-gray, massive 0.03 

Clay, gray-brown, massive 0.27 

Diamicton, blue-gray, pebbles up to 
0.5 cm in diameter floating in a 
silty matrix 0.06 

Sand and gravel, red-brown, poorly 
sorted, lower Van Horn Formation 1.50 

Gully bottom 

The measured section begins about 35 m above the present 
beach. 
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Section M5 

The section begins below thick, poorly-sorted sand, gravel 
and cobbles. 

Description Thickness (m) 

Silt and clay. gray, rhythmites 1 
to 35 cm thick ' 3.99 

Sand, gray, coarse, ripple cross-
laminated 0.13 

Sand, gray, medium to coarse, ripple 
cross-laminated, the ripples are 
1.5 cm high ' 0.15 

Sand, gray, coarse with floating 
pebbles 0.5 cm in diameter 0.05 

Sand, gray, medium, riDple cross-
laminated, the ripples are 1.5 cm 
high 0.30 

Sand and gravel, gray, poorly sorted, 
pebbles average 2 cm in diameter, 
but are as large as 6 cm 0.20 

Sand, yellow-brown, coarse, with peb
bles up to 3 cm in diameter float
ing in a sand matrix 0.26 

Silt and clay, gray, rhythmites 0.5 
to 17 cm thick 2.76 

Sand, gray, fine to medium, ripple 
cross-laminated 0.26 

Sand, gray, medium to coarse, hori
zontally laminated 0.30 

Sand, gray, fine to medium, ripple 
cross-laminated, scoured into the 
unit below 0.04 

Sand, yellow-brown and It. gray, fine, 
contorted ripple cross-laminations 0.15 

Silt, dk. gray, interlaminated with 
It. gray fine sand 0.33 
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Sand, dk. gray and It. yellow-
brown, fine, well developed 
ripple cross-laminations, ripples 
1.5 cm high 0.59 

Silt and clay, gray, rhythmites 0.3 
to 18 cm thick " 4.09 

Sand, yellow-brown, medium to coarse, 
ripple cross-laminated 0.07 

Sand, dk. gray, coarse, with floating 
pebbles up to 0.5 cm in diameter 
and silt rip-up clasts 0.07 

Sand, gray, medium to coarse, hori
zontally laminated 0.09 

Sand, gray, coarse, with floating 
pebbles averaging 1 cm in diameter 0.05 

Sand, gray, medium to coarse, well 
developed ripple cross-laminations 
and scoured channels into the unit 
below that are up to 45 cm deep 0.56 

Sand, gray, coarse, contains pebbles 
up to 2 cm in diameter 1.09 

Sand, gray, medium to coarse, ripple 
cross-laminated 0.18 

Sand, gray, medium, massive 0.10 

Silt, gray and gray-green, inter-
laminated, contains wood fragments 0.61 

Sand, blue-gray, fine, massive 0.05 

Sand, yellow-brown, fine, massive 
with a 1 cm thick silt layer at 
the base 0.04 

Sand, It. yellow-brown, fine to med
ium, iron-oxide stain at the top 
of the unit 0.09 

Silt, gray, with streaks of yellow 
iron-oxide stain 0.02 
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Sand and gravel, gray, coarse with 
cobbles up to 18 cm, lower Van 
Horn Formation 3.00 

The measured section begins about 10 m above the present 
beach. 
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Section Wl 

Description Thickness (m) 

Silt-clay, gray, rhythmites 0.5 
to 12 cm thick 3.13 

Sand, gray, medium to coarse with 
some floating pebbles in the 
lower half 0.71 

Sand, gray, fine to medium with 
prominent ripple cross-lamina
tions up to 2 cm high 0.07 

Sand, gray, fine to medium with 
pebble layers 0.11 

Sand, gray, fine to medium with 
prominent ripple cross-lamina
tions up to 2.5 cm high 0.12 

Sand, gray, medium to coarse, massive 0.12 

Sand, gray, fine to medium, with a 
few ripple cross-laminations up to 
2 cm high " 0.05 

Sand, gray, medium to coarse, sand 
fines upward and green rip-up 
clasts occur in the upper half 0.30 

Sand, gray, fine to medium, cross-bedded 0.04 

Sand, gray, medium to coarse, massive 0.29 

Sand, gray, coarse with floating peb
bles up to 1 cm in diameter 0.18 

Sand, gray, medium to coarse with peb
bles up to 3 cm and wood fragments, 
gray-green clay rip-up clasts near 
the base 0.53 

Sand, gray, fine with prominent ripple 
cross-laminations up to 2 cm high, 
some clay rip-up clasts are present 0.94 

Clay, gray-green and blue-gray, three 
distinct colored layers 0.31 

Sand, gray, fine to medium, cross-bedded 0.39 
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Clay, olive-gray, wavy upper and 
lower contacts 0.04 

Sand, gray, fine to medium, cross-
bedded, the largest cross-bed is 
28 cm high 1.22 

Clay, gray, blue-gray and brown, three 
distinct colored layers 1.19 

Sand, It. gray, medium to coarse, con
taining pebbles up to 8 cm in diameter 0.40 

Silt, gray-brown, ripple cross-laminated 0.38 

Clay, gray, massive 0.08 

Gravel and coarse sand, gray, poorly 
sorted 2.44 

Clay, gray and gray-green, thinly 
laminated 0.14 

Sand, gray-brown, fine to medium, trough 
cross-bedded, yellow iron-oxide stain 
on sands near the base 0.88 

Clay, gray-green, olive in the lower 
half, black organic layer 5 mm thick 
separates the two layers 0.05 

Sand, yellow-brown, fine to medium, 
cross-bedded, thin layers of coarse 
sand occur near the base 1.72 

Silt, gray-green and blue-gray, 2 cm 
thick alternating horizontal beds 
with organic remains in growth position 0.50 

Sand and gravel of the lower Van Horn Formation 

The base of the measured section begins about 10 m above 
the present beach. 
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Section W5 

Description Thickness (m) 

Silt-clay, gray, rhythmites 0.5 
to 12 cm thick 2.00 

Sand, gray, medium to coarse, inter-
bedded with gray silt layers, ir
regular upper and lower contacts 0.11 

Sand, gray, medium to coarse, ripple 
cross-laminated, the largest ripples 
are 1.5 cm high 0.29 

Silt, gray-green, fine, horizontal 
laminations 2 mm thick 0.10 

Sand, gray, coarse, pebbles up to 3 cm 
in diameter occur in the upper 10 cm 0.54 

Sand, yellow-brown, medium, ripple 
cross-laminated, the ripples are up 
to 1.5 cm high 0.47 

Sand, yellow-brown, coarse, ripple 
cross-laminated, the ripples are 
2 cm high 0.97 

Sand, gray, coarse, interbedded with 
yellow-brown, medium sand, contains 
wood fragments 0.41 

Sand, It. gray, fine, ripple cross-
laminated 0.11 

Sand, dk. gray, fine, ripple cross-
laminated 0.05 

Sand, yellow-brown, fine, ripple cross-
laminated 0.15 

Sand, yellow-brown, medium to fine, 
ripple cross-laminated, pebbles 6-8 
cm in diameter and gray-green clay 
rip-up clasts occur near the base 0.55 

Sand, yellow-brown, fine to medium, 
ripple cross-laminated 0.13 

Sand and gravel, yellow-brown, poorly 
sorted 0.35 
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Silt, blue-gray and gray-brown, two 
distinct layers 0.13 

Sand, yellow-brown, fine to medium, 
ripple cross-laminated, coarse sand 
laminae occur in ripple troughs, 
some small pebbles are also present 1.17 

Sand, yellow-brown, coarse, pebbles 
up to 2 cm in diameter occur near 
the top of the unit 0.31 

Silt, gray-brown and gray-green, two 
distinct layers 0.18 

Sand and gravel, yellow-brown, concen
tration of pebbles up to 3 cm in 
diameter occur near the top of the 
unit 0.55 

Sand and gravel, yellow-brown, poorly 
sorted 1.18 

Silt, gray over blue-gray, two distinct 
layers 0.27 

Sand, yellow-brown, fine to medium, 
ripple cross-laminations with ripples 
up to 4 cm high 0.09 

Silt, gray, contorted laminated beds 0.09 

Sand, It. gray, medium to coarse, rip
ple cross-laminated 0.13 

Silt, gray to gray-green, coarse, wavy 
lower contact, thin beds of coarse 
gray sand of irregular thickness 
occur throughout 0.20 

Sand, dk. blue-gray, medium to coarse, 
horizontally bedded with a few thin 
It. gray silt laminae 0.39 

Silt, gray-green- and blue-gray, irreg
ularly interbedded, organic material 
is disseminated throughout 0.60 

Sand and gravel of the lower Van Horn Formation 

The base of the measured section begins about 14 m above 
the present beach. 
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APPENDIX C 

Pollen Preparation Method 
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Pollen Preparation Method 

1. Place 10-15 gm of sediment into a 50 ml polypropylene 
centrifuge tube. 

2. Slowly add cold 10% HC1, up to 20 ml, to digest car
bonates , warm in a hot waterbath until effervescence 
stops. Centrifuge and decant. 

3. Repeat step 2. 

4. Add 15 ml 5% NaOH to each tube, stir, place in a hot 
waterbath for 30 minutes. Centrifuge and decant. 

5. Wash with double distilled water, centrifuge and de
cant . 

6. Repeat step 5. 

7. Add 20 ml of Calgon solution (sodium hexametaphosphate, 
0.5 gm/liter), stir, allow to stand over night. 

8. Stir, centrifuge at 750 rpm for 2.5 minutes, discard 
supernatant liquid. 

9. Repeat step 8 until the supernatant is clear (and 
clays have been removed). 

10. Wash with double distilled water, centrifuge and de
cant . 

11. Repeat step 10. 

12. Add 10 ml of glacial acetic acid, stir, centrifuge and 
decant. 

13. Repeat step 12. 

14. Add acetolysis solution (9 parts acetic anhydride, 1 
part cone. H-SO,), stir and place tubes in a hot 
waterbath for 5 minutes. 

15. Let cool, centrifuge and decant. 

16. Add glacial acetic acid, stir, centrifuge and decant. 
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17. Add double distilled water, stir, centrifuge and de
cant . 

18. Repeat step 17. 

19. Add acetone, stir and decant 

20. Repeat step 19. 

21. Repeat step 20. 

22. Add 6 ml of bromoform-acetone mixture (adjusted to a 
specific gravity of 2.0), stir, centrifuge and decant 
into tube B (polypropylene). 

23. Repeat step 22 so that B has 12 ml of heavy liquid. 

24. Adjust the volume of all B tubes to 12 ml heavy liquid, 
stir, centrifuge and pour off into tube C (glass) con
taining 20 ml of acetone. Discard tube B. 

25. Carefully mix the contents of tube C, centrifuge and 
decant into a bottle so that the bromoform can be re
claimed. Note: All steps in which bromoform is used 
should be done unHer a good fume-hood. 

26. Wash the contents of tube C with acetone, stir, cen
trifuge and decant. 

27. Repeat step 26. 

28. Repeat step 27. 

29. Add 10 ml of 957, ethanol and one drop of safranin, 
stir, centrifuge and decant. 

30. Wash with double distilled water. 

31. Repeat step 30. 

32. Add glycerin mounting solution and transfer the sample 
to a glass slide using a capillary pipette. 
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