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Abstract:

The purpose of this study was to develop an obsidian hydration dating technique that could be applied
to naturally worked sediments. Two field settings were chosen. The first setting is a group of five
post-glacial fluvial terraces cut into an obsidian-rich outwash plain near West Yellowstone, MT. The
second field setting is a group of five raised and deformed Holocene lakeshores near Breeze Point on
Yellowstone Lake, WY. Results from the terraces imply that grains are only partially reworked, so that
each grain can potentially record several events. The dominant reworking mechanism in the fluvial
environment is fracturing as opposed to abrasion. All of the terraces were cut in a shorter period of time
than the technique can discern. Using the calibration curve from Pierce and others (1976) and a
hydration value of 6.5 £0.5 microns, an age of 2043 ka is obtained for the terraces. An alternate method
using hydration rate constants for the Obsidian CIiff flow (Michels, 1985), an effective hydration
temperature (EHT) of 1.4 °C and a rind value of 6.5 £+ 0.5 microns yields an age of 15,520 + 2480
-2300 yrs. Both of these ages are older than those calculated by Nash (1984) for the same terraces.
However, if the calibration I"C date of 7,100 = 50 yrs B.P. used by Nash (1984) is too young, his
calculated terrace ages are also too young.

Results from the Holocene lakeshores imply coastal processes do not serve as an effective mechanism
to fracture obsidian gravel. All of the shorelines possess a dominant rind signal at about 5.5 &+ 0.5
microns. Hydration rate constants for the Obsidian Cliff flow (Michels, 1985) were used instead of
constants calculated for the Aster Creek flow (Michels, 1988), which forms the local bedrock in the
area, because the latter are thought to be in error. Using Obsidian Cliff constants, an EHT of 1.0 °C and
a rind value of 5.5 + 0.5 microns, the shorelines yield an age of 12,270 +2330 -2130 yrs. Considering
that all dated postglacial shorelines in the Yellowstone Lake basin are younger than about 9 ka, it is
concluded that the rind signal associated with the shorelines probably dates from latest Pinedale time.

All of the terraces and shorelines have rinds that are thicker than those used to date these features. It is
hypothesized that these older peaks may date from reworking by Eowisconsin glaciers, Bull Lake
glaciers and hydration dating from original cooling cracks, in order of increasing thickness and age.

Hydration rate is dependent on temperature and the chemistry of the glass. Because chemistry varies
within and between flows, rate would also be expected to vary. Much of the observed spread in rind
thicknesses is probably due to natural variation in hydration rate. Therefore, it is not appropriate to use
a single set of hydration rate constants determined from a single sample to calculate ages for artifacts
and geological samples without recognizing this limitation.
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ABSTRACT

The purpose of this study was to develop an obsidian hydration
dating technique that could be applied to naturally worked sediments,
Two field settings were chosen. The first setting is a group of five
post—glacial fluvial terraces cut into an obsidian—rich outwash plain
near West Yellowstone, MT. The second field setting is a group of five
raised and deformed Holocene lakeshores near Breeze Point on Yellowstone
Lake, WY. Results from the terraces imply that grains are only partially
reworked, so that each grain can potentially record several events. The
dominant reworking mechanism in the fluvial environment is fracturing as
opposed to .abrasion. All of the terraces-were cut in a shorter period of
time than the technique can discern. Using the calibration curve from
Pierce and others (1976) and a hydration value of 6.5 + 0.5 microns, an
age of 20 + 3 ka is obtained for the terraces. An alternate method uS1ng
hydration rate constants for the Obsidian Cliff flow (Michels, 1985),
effective hydration temperature (EHT) of 1.4 ©C and a rind value of 6. 5
+ 0.5 microns yields an age of 15, 520 + 2480 -2300 yrs. Both of these
ages. are older than those calculated by Nash (1984) for the same
terraces. However, if the calibration l4C date of 7,100 + 50 yrs B.P.
used by Nash (1984) is too young, his calculated terrace ages are also
too young.

Results from the Holocene lakeshores imply coastal processes do not
serve as an effective mechanism to fracture obsidian gravel. All of the
shorelines possess a dominant rind signal at about 5.5 + 0.5 microns.
Hydration rate constants for the Obsidian ClLiff flow (Michels, 1985)
were used instead of constants calculated for the Aster Creek flow
(Michels, 1988), which forms the local bedrock in the area, because the
latter are thought to be in error. Using Obsidian ClLiff constants, an
EHT of 1.0 ©°C and a rind value of 5.5 + 0.5 microns, the shorelines
yield an age of 12,270 +2330 -2130 yrs. Considering that all dated post-—
glacial shorelines in the Yellowstone Lake basin are younger than about
9 ka, it is concluded that the rind signal associated w1th the shore-
lines probably dates from latest Pinedale time. .

All of the terraces and shorelines have rinds that are thicker than
those used to date these features. It is hypothesized that these older
peaks may date from reworking by Eowisconsin glaciers, Bull Lake gla-
ciers and hydration dating from original coollng cracks, in order of
increasing thickness and age.

Hydration rate is dependent on temperature and the chemistry of the
glass. Because chemistry varies.within and between flows, rate would
also be expected to vary. Much of the observed spread in rind thick-
nesses is probably due to:natural variation in hydration rate. There—
fore, it is not appropriate to use a single set of hydration rate
constants determined from a single sample to calculate ages for arti-
facts and geological samples without recognizing this limitation.




INTRODU CTION
The Problem

Numerous methods have been developed and used to date Quaternary
deposits and events, including l4c dating (Terasmae, 1984), dendrochron—
ology (Parker and others, 1984), soil development (Birkeland; 1984),
amino acid racemization kWéhmiller, 1984), hornblende etching (Locke,‘
1979; Hall and Heiny, 1983). and obsidian hydration dating (Pierce and
others, 1976; Friedman and Obradovich, 1981). All of these methods
attempt to measure a certain property or condition that éhangeg progres—A
sivelf with time., However, given the variety and complexity of field
situations faced by Quaternary researchgrs, few methods can be applied
in any given location. Therefore, dating techniques chosen by the
researcher are dictated largely by field constraints.

In Fhe Yellowstone region there afg abundant rhyolitic obsidian
‘lava flows (Christiansen and Blank, 1972) which provide many oppor-—
tunities t; utilize the obsidian hydratiqﬁ dating technique for Quater—
nary studies. For example, Pierce and others (1976) used obsidian
hydration dating techniques to date glacial events near West Yellow—
stone, MT. In this region, and in other.areas Whefe obsidian is found,
obsidian hydration has also been used to date volcanic events (Friedman,
1968; Friedman and Obradovich, 1981) and fluvial terraces (Lundstrom, | oo
1986) in addition to the more common usage for archeological applica-

tions (Friedman and Smith, 1960; Clark, 1964; Meighan, 1983). This




2
technique has the advantage of being low cost and relatively straight—
forward to pgrform. However, the technique is limited to the extent that
there must be obsidian present in sufficient quantities and in appro—
priate field situations. The purpose of this study is to develop a
methodology that can be used to date Quaternary 1andforms.that contain
naturally Worked obsidian.

This study focuses on obsidian naturally réworked in two deposi-
tional settings, the first of which is a flight of fluvigl terraces near
West Yellowstone, MT. These terraces were formed by_progressive downcut—
ting of the Madison River through an obsidian-rich othaéh plain in
post—Pinedale time (Nash, 1984). This is an ideal site at which to apply
obsidian hydration dating to fluvial terraces becausé.the éame terraces
were dated by 14¢ and the scarp degradation method (Nash, 1984), thus
allowing an independent check against the ages obtained in this study.

The second setting is a group of raised and defofmed shorélines
near Breeze Point at Yellowstone Lake, WY. These shorelines are also
post—Pinedaie in age and have probably been raised relative to'lake
level and deformed by a complex interaction of volcano—tectgniés and
downcutting at the outlet of Yellowstone Lake (Meyer and Locke, 1986).
The successful development of a methodology to date these shorelines
should provide a means to determine recent rates of deformation in the
Yellowstone Caldera.

The fluvial terraces were deliberately- chosen first because such
surfaces préVide an'uﬁambiguoﬁs event stratigraphy with the uppermost
terrace being the oldest (Thompéon'and Jones, 1986). This assumption

allowed for the development of the ‘technique and ipterpretatioﬁ of the
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results without taking into account the possibility that the highesf
surface may not be the oldest.

Contemporary uplift data reported by Dzurisin and ramashita (1987)
for the Yellowstone Lake area indicate that some areas of uplift have
reversed to subsidence. In addition, Baily (1984) and Hamiiton (1985)
have documented submerged shorelines which also indicate subsidence.
Both of these lines of evidence lead to the conclusion that the shore-
1ings éround Yellowstone Lake cannot be assumed to be in a relative

sequence with the uppermost shoreline being the oldest.

2

Previous Work

‘Ross and Smith (1955) first noted that surfaces on weathered
obsidian had undergone a chemical and physical change known as hydra-
tion. Hydration is the intake of water, which causes an increase in
density and refractive index in addition to causing the hydrated layer
to become mechanically strained (Ross and Smith, 1955). The difference
between the refractive indices of the hydrated and nonhydrated portions
of the obsidian and the increased birefringence due to mechanical strain
make the hydratéd layer easily visible with a standarg petrographic
microscopev(Ffiedman and Smith, 1960).

Further study by Friedman and Smith (1960) determined that hydra-
tion oécurs under normal atmospheric conditions and that rate is largely
dependent upon temperature and chemiéal composition of the glass.
Therefore, it is necessary to know both the temperaturé at which
hydration occurred and the composition of the glass in order to ac-—

curately determine time elapsed since hydration began. rhe composition
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of a given sample can be determined by standard analytical techniques,
but the effective hydration temperature must be estimated if hydration
has épanned a considerable-amount of time, given the evidence for
Quaternary climatic change (Shackleton and Opdyke, 1973).

Friedman and Long (1976) experimented with several types of
obsidian held at various temperatures for different lengths of time to
determine the Arrhenius equation relating hydration rate to temperature,
This equation takes the following form:

k = Ae—E/RT

where k is the hydration rate (microns squared per 103 years), A is a
" constant, E is the activation eﬁergy of the hydration process (calories
pef mole), .R is the gas constant (calories per degree per mole), and T‘
is absolute temperature (Kelvins). Rate is expressed as microns équared
'per 103 years because hydration plotted against temperature follows a
logarithmic curve. Friedman and Long (1976) also determined the rela-
tionships between silica content, refractive index and hydration rate.
Thus, if the temperature to which an obsidian sample has been exposed
and its chemical compositioﬁ or refracti§e index are known, the rate of
hydration can be calculated. Friedman ana Long (1976) concluded that if
1) the effective hydration temperature of a sample is detérmined by
direct measurement or by estimation through climatié records and 2) the
hydration rate is determined empirically or calculated from silica
content, refractive index, or chemical index then numerical dating to +
10 % accuracy is possible. This principle has been applied to naturally
reworked obsidian in sevééal studigs in the Yellows£one region,

Pierce and others (1976)'related the thickness of hydration rinds
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on pebbles in till to glacial events near West Yellowstone, MT. The
measured rinds fell into five distinct groups with the tﬁinnest (young~-
est) rinds associated withAEinedale deglacial deposits and the thicker
(older) rinds with Pinedale terminal moraines, . cooling cracks‘on the
West Yellowétone flow, Bull Lake terminal moraines and cooling cracks on
the Obsidian Cliff flow, in order of increasing fhickness. The two
groups of rinds associated with original cooling cracks were calibrated
against K—-Ar ages for the West Yellowstone and Obsidian Cliff flows to
yield approximate ages for the glacial events by interpolation.

Friedman and Obradovich (1981) dated volcanic events at several
localities in the western U.S. using obsiaian hydration dating tech-
niques. The ages for these events range from 12 ka to over 1 Ma and ;he
hydration dates were compared with ages obtained through l4c and KR-Ar
methods. In most cases the agreement between the two ages was "good" (+
20 %), thus establishing the reliability of the obsidian hydration
dating method for volcanic events.

More specifically, Friedman and Obradovich (1981) conducted part of
their research in Yellowstone Park, WY. All of the obsidian used for
hydration dating was similar in chemical compositibn to the Obsidian
CLiff samples used.for eiperimental determination of hydration rate. A
‘temperature of -1©° C was used for the glacial temperature because most
of the sites were covered by a large temperate ice sheet (Pierce, 1979).
Present day temperatures were determined using the Pallmann technique of
temperature integration (Friedman and Norman, 1981). Hydration‘rind ages
were plotted with + 20 % uncertainty of the age while the K-Ar ages were

plotted with their published uncertainties. As in other regions of the
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plotted with their published uncertainties. As in other regions of the
westerﬁ U.S. where Friédman> and Obradovich (1981) conducfed their
research, the agreement between the ages obfained'through K4Ar dating
and obsidian hydration dating was good.

Lundstrom (1986) related the thickness of hydration rinds to a
group‘of fluvial terraces along the Madison River below Quake Lake in
southwest Montana. The methodology was not clearly stated nor were the
‘data listed from which the results were derived. Therefore, the inter-
pretation postulated by Lundstrom (1986) cannot be objectively evalua-

ted.

Quaternary Geology of Field Sites

West Yellowstone Basin

The late Cenozoic, extensional, West Yellowstone Basin contains
abundant. evidence for at least two major glaciations in the Pleistocene
that have been correlated with the type sections of the Bull Lake and
Pinedale glaciafions'in the Wind River Mountains of Wyoming (Alden,
1953;.Richmond, 1964; Witkind, 1969; Pierce and others, 19763 Pierce,
1979). The floor of the basin is covered by up to 30 meters of obsidian—
rich gravel that lies between the more extensive Bull Lake moraines and
the smaller Pinedale moraines (Fig. 1) (Richmond, 1964). The age and
origin of this gravel deposit has been a matter of debate amongr the
several authors who have worked in this area.

Alden (1953) described the gravel deposit as a large terrace

postdating the Bull Lake moraines at Horse Butte. This interpretation

was based on the observation that the deposit does not appear to have
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been overridden by a glacier. Alden (1953) hypothesized that the
Wisconsin—age moraines of Beaver Creek, downstream from ﬁebgen Lake, may
have dammed the narrow Madison Canyon, thereby creating a large lake in
the West Yellowstone Basin inte which the obsidian gravel was deposited.

Richmond (1964) reported that the Obsidian Sand Plain (OSP) was
deposited in the Bull Lake-Pinedale interglaciation., This interpretation
was based on similar soil characteristics developed on a loess cap found
on both the sand plain and the Bull Lake moraines at Horse Butte. Thus
the sand plain was deposited after recession of Bull Lake ice but before
the soil forming period of the Bull lake-Pinedale interglaciation
(Richmond, 1964), He also stated that the structure, texture and
especially the lithology of the obsidian gravel suggest that it is
unrelated to glaciation.

Richmond (1964) suggested that because the gravel occurs in beds 10
to 30 cm thick and displays crossbedding and channel-and-fill struc-—
tures, it was deposited by shallow aggrading streams. Much of this
sediment may have been derived directly from the surfaces of obsidian
flows within the park which contain abundant sand and gravel size
material, or alternatively could also have been derived through the
fluvial reworking of larger clasts (Richmond, 1964).

Witkind (1969) described the OSP as having been deposited by
meltwater from receding Bull Lake ice. Evidence for this is the strati-
graphic relationships at Horse Butte and alongbthe north edge of the
basin where the gravel overlies till of Bull Lake age.

Pierce and others (1976) suggested that the OSP isfPinedale—age

outwash. Evidence includes hydration rinds from one locality on the
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deposit, which do not differ significantly in thickness fr\om those in
Pinedale moraines (Pierce and others, 1976). It must be émphasized that
this evidence does not rule out the hypothesis of a composite age for
the OSP.

Pierce (1979) maintained that the OSP is Pinedale-age outwash and
further postulated multiple glacial outburst floods for the origin of
the sand plain (Figure 1). Geothermal heat could have formed a lake 100
km? in area and 100 m deep in the Upper, Midway and Lower Geyser Basins
(Pierce, 1979). Release of this lake by glacial dam failure at National
Park Mountain would have released catastrophic floods into the West
Yellowstone Basin., Ponding of the flood waters by moraine damming at
Beaver Creek, 1.5 km west of Hebgen dam, may have caused a low gradient
flood delta to accumulate in the Basin (Pierce, 1979).

In several areas, the gravel deposit consists of sheetlike beds 15
to 60 cm thick with planar cross stratification inclined at both low and
high angles to the bedding (Pierce, 1979). Silt-rich interbeds between
crossbedded layers are common and cut-and-fill structures are poorly
developed. The crossbeds of fine gravel generally have open boxwork
structure and very little interstitial fines., These sedimentary charac-
teristics suggest rapid deposition by sheet flood (Pierce, 1979).

The strongest evidence that Pierce (1979) presented for a Pinedale
age for the Obsidian Sand Plain is the documentation of a series of
outwash channels emanating from a Pinedale terminal moraine complex at
the mouth of Madison Canyon onto the OSP. Thus, the moraines are
physically tied to the sand plain,

Pierce (1979) also stated that hydration rinds from the OSP
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collected at depths from two to twelve meters are the same thickness as
those from the Pinedale terminal moraines. However, this data was
neither presented nor cited, so it is not knowﬁ whether it was the same
data from Pierce and others (1976) or resulted from additional studies.

Pierce (1979) Aisagreed with Richmond (1964) in assigning the soils
on the OSP to the Bull Lake-Pinedale interglacial. Instead, Pierce
(1979) described the soils és'weak and similar to profiles developed on
other Pinedale—age sandy deposits. The silt in the upper 50 cm of the
profiles is attributed to eolian influx and subsequent translocation.

From the above discussion, it is evident that the age and origin of
the OSP is a matter of quite some debate., It is likely that the most
recent period of deposition occurred during the Pinedale glaciation, but
it is also possible that earlier periods of deposition contriguted to
the bulk of the deposit.

The OSP was digsected by the Madison Rivef in post-Pinedale time
leaving five well deveioped, north facing, fluQial terraces.>Pierce and
others (1976) reported that the OSP has nearly identical rind thick—
nesses as Pinedale’ terminal moraines dated from 28,000 to 40,000 yrs.
Because the terraces are inset into this deposit; they must be younger
than this age range. Nash (1984) dated the terraces using 140 and scarp
degradation methods and assigned ages of 11,600 + 6,400, 9,690 + 5,600
and 7,100 1_50 years to Terraces T2 through T4f respecfively. These ages
serve as an independent check ggainst the dates for the terraces
obtained in this study.

Part one of this study devises an obsidi%n hydration dating method

that can be- applied to fluvial deposits to obtain numerical dates. The
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three main hypotheses that willibe tested are: 1) the OSP was deposited
solely in Pinedale time and  that the hydration rinds from the deposit
reflect this age, 2) fluvial érocesses of traction transport effectively
rework obsidian pebbles so that each tex?ace possesses éﬁ unique,
characteristic hydration rind thickness, and 3) the dates derived from
this study are directly coméarable to those obtained by Nash (1984) for

the same terraces.

Yellowstone Lake Basin

Yellowstone Lake occupies an irregularly shaped basin approximately
30 km by 25 km that was fprmed as a result of the complex interaction
between caldera collapse‘énd postcollapse volcanism, ice~cap glaciation,
and lacustrine processes. The Quaternary history of the basin involves
the sequence of these events.

Three major caldera—-forming eruptive cycles occurred in the
Yellowstone region in late Pliocene and Quaternary time (Christiansen,
1984) . Each of these cycles culminated in a major eruption of explosive~
ly ejected material that formed voluminous ash flows, but was charac-
terized at the beginning and end by long periods of intermittent
rhyolitic and basaltic eruptions. The first cycle began about 2.2 Ma
with small eruptiéns of rhyqlite and basalt and culminafed with the
eruption of the Hucklebér;y Ridge Tuff at 2.0 Ma. This eruption was the
largest of the three caldera—forming eruptions and ejected a volume of
material greater than 2500 km3. Christiansen (1984) stated that the
Huckleberry Ri&ge Tuff formed a single cooling unit and was prébably
erupted in hours or day§ énd not decades or centuries. The caldera

formed by this eruption, which is mostly obscured by more recent lava
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flows, measured:approximatelp 100 km by 60 km,

The second caldera formlng eruptlon occurred at about l 3 Ma and’-
was the smallest -of the three. ‘The caldera formed by the eruptlon of the:'
Mesa Falls Tuff is located 1n'the Island Park area and is wholly,
contained within the Huckleberry Rldge Caldera (Chr1st1ansen, 1984) The:'
volume of materlal eJected from the Mesa’ Falls Caldera was at least, 280{
el . . .

" The third volcanic cycle began at about 1. 2 Ma and as'the most

recent cycle, left the most complete record. For ' the flrst 600 kaAntff'

rhyolltlc lava was 1nterm1ttently erupted from a set of arcuate frac— L

tures that would eventually outline -the Lava Creek Caldera (Chrls—fj”’.“

tiansen, 1984) Ar 630 ka9 the climactic eruptlon of the third cycle',""

" caldera occurred emplaC1ng more ‘than 1000 km3 of Lava Creek Turf. This
~caldera is about 75 km long and 45 km across., In the last 630 ka, the
caldera has been filling with sediments and rhyolitic lava‘flows;vmanp'
of which have been erupted‘in the last 150 .ka (Fig. 2) (Christiansen,
1984) . | | l. |

The present shape of the Yellowstone Lake Ba51n is largely the
result of post—collapse volcanlsm° Chrlstlansen and ‘Blank (1972)
proposed a subcaldera collapse associated w1th the eruptlon of thef
Shoshone Lake Tuff at about 162 ka -(later 1nformally renamed the tuff ofuh
Bluff Point 1n_the West Thumb-area; Chrlstlansen, 1974) for the forma—'l‘

tion of the West Thumb embayment,.Theiremainder'of the western shore of -
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Figure 2 - Regional map of Yellowstone National Park and vicinity

shewing rhyolite lava flows and location of study sites. Ages of flows
( I years) in parentheses (After Richmond, 1986).

AC - Aster Creek flow (174) GR - Gibbon River flow (90)

BL - Buffalo Lake flow (160) HY - Hayden valley flow (102)

BP - Tuff of Bluff Point (162) M. - Mary Lake flow (165)

BR - Bechler River flow (117) NP - Nez Perce flow (160)

CC - Cougar Creek flow (399) 0C - Obsidian Q iff flow (183)
CF - Canyon flow (613) PP - Pitchstone Plateau flow (70)
CS - Crystal Springs flow (80) SC - Spring Creek flow (?)

DC - Dry Creek flow (162) SL - Summit Lake flow (113)

EB - Elephant Back flow (153) SO - Solfatara Plateau flow (HO)
GP - Grants Pass flow (77) WT - West Thumb flow (148)

WY - West Yellowstone flow (117)
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Yellowstone Lake is bordered by .rhyolific lava flows that probably
contributed to the impoundmenf of the lake (Fig. 2) (Richmond, 1976).

The West Thumb flow erupted eastward across the caldera basin and
dammed the éoutheast Arm paleocanyon at about 148 + 12 ka by impinging
on the flank of Sour Creek Dome a few kilometers north of Fishing
Bridge, causing the formation of an ancestral Yellowstone Lake (Rich—
1;10nd, 1976; Richmond, 1986). The Elephant Back flow K—-Ar dated at 153 +
2 ka overlies the slightly older West Thumb flow and is cut by a series
of northeast—trending faulfs that form a complex graben structure (USGS,
1972).

Other rhyolitic lava flows of tbe tl;xird volcaﬂic cycle that may
have played a role in the formation of the Yellowstone Lake .Basin and
were likely to have contributed ‘sediment to. the.basin are the Dry Creek
flow, K-Ar dated at 162 + 2 ka, and the Aster Creek flow K-Ar dated at
174 + 4 ka and which forms the local bedrock in the Breeze Point area
(Fig. 2) (Richmond,; 1986) . |

The Yel;Lowstope Plateau, on which Yellowstone Lake is located, has
served as the 1oc':us for' at least three ice caf) glaciations and possibly
as many as twelve (Richmond, 1986). Glaciation probably began in late.
Pliocene time But the olc_lest,', ﬁéll—dated glacial depqsits date from the
eafly‘. Pleistocene, Glaciers dating from the Illinoian and Wiscénsin
periods are known to have filled and ovc_arfloweci thé caldera formed by
the eruption of the Lava Creek Tuff. Glaciers that accumulated at about
150 to 140 ka have traditionally been cprrelatéd to the Bull Lake
Glaciation wi’xile giaciai advances @ccurring from 117 to about 80 ka have

been reassigned to the Eowisconsin i)eriod- (Richmond, 1986). Icé that
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accumulated from >45 to about 10 ka has been correlated to the Pinedale
Glaciation (Pierce and others, 1976). The designations of Bull Lake and
Pinedale Glaciations follow the terminology of Blackweldér (1915) for
the Wind River Mountains of Wyoming (Pierce and others, 1976; Richmond,
1976; Pierce,.1979) whereas glaciers dating from the Eowisconsin follow
the terminolégy of Richmond (1986).

The formation of the present Yellowstone Lake began with the
downwasting of Pinedale ice in the lake basin at about 14.5 ka when ice
marginal lakes formed around the stagnant ice (Richmond, 1976a).
Richmond (1976a) described broad, discontinuous terraces at up to 143 m
above the present Yellowstone Lake and concluded that all surfaces above
33 n were kame terraces. A shoreline at 33 m above present lake level
shows both ice-contact and wave-cut features which might be expected to
form in association with an ice-marginal lake. Surfaces at 27 and 24-23
m are generally discontinuous and poorly formed but are believed to have
been formed during minor pauses in the erosion of the Yellowstone Lake
outlet (Richmond, 1976a).

Richmond (1974, 1977) mapped post-glacial shorelines at 18-20, 17,
12-14, 9-10.6, 7.6, 4.5, and 3 m above present lake level. Deltaic sandé
graded to an 18-20 m shoreline at the south end of the Southeast Arm
overlie lake silts containing organic matter radiocarbon dated at 9060 +
300 yr B.P. (Richmond{ 1974) ., Richmond (1976a) considered this shoreline
to be the first to form‘after complete deglaciation of the lake basin
because there are numerous large spits, bars and lagoonal depressiqns
agsociated with this shoreline that are not noted at higher levels. Such

features are indicative of strong longshore currents that are usually
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associated with large bodies of open water.

Richmond (1974) ob?ained a minimum radiocarbon date of 5590 + 250
yr B.P. from a lagoonal deposit for a i2 m shoreline at the south end of
the Southeast Arm (Beker, 1976), Ofganie—rieh clay overlying deposits of
the Squaw Lake h&ﬂrothermey-explosion have been radioearbon dated at
3500 1'250 &r B.P, The 7.6 mlehbrelihe is cut into the eiplosion.depoeit -
in a bluff of Yellowstone ﬁeke southeast of Squaw Lake. Charcoai found
between beach gravel and- overlylng colluv1um on a 3’ m shorellne was
radiocarbon dated at 620 + 250 yr. B.P. thereby'prqv1d1ng a minimum age’
for this surface (Richmond, 1976a). '

Meyer (1986) obtained 1%4C dates from lagoonal deposits for two'”

shorelines in the northwest part of the lake basin. An age of 2495 + 135"

yrs B.P. was determined for Shoreline S6 (Shorel;ne SSfthls study) at
about 18 m above lake datum and an age of 1410 + 160 yrs B.P. was
assigned to Shereline S5 (Shoreline S4—-this study) at about 8 m above
lake datum. The dates'were derived from basal organic matter that
accumulated since the abandonment of the shoreline and may have been
contaminated by rootlet intrusio;'x° Therefore, these dates may.be several
thousand years. too young and must be con51dered mlnlmum dates (Meyer,
1986). Locke (1989) reported, in a poster, two addltlonal minimm l%C
dates of about 6 ka for Shoreline $6 (Shoreline SS—this'sfudy).

From - the above discussion, it can be cenclqded that the elevated
shorelines aroend Yellcwstene Lake .were formed during the last 9 ka as
indicated by minimum and maximum radiocarbon dates. Richmond (1976a)
assumed that the shorelines were ‘horizontal. and correleted them by

height above present lake level. Further work by Meyer (1986), Meyer and
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Locke (1986) and Loéke-(1989) showed that the raised lakeshores are
significantly deformed. Th?s'was done by precise 1ev¢1ipg surveys and
correlation of shorelines befﬁeen leveling lines. Estimation of vertical
deformatioﬁ range'ﬁp.to 4'mm/yr.for shorelipe S6 on the northeast shoré,
compared to the historic rate of 7.5 mm/yr for that area (Meyer, 1986;
Pelton and Smith, 1982). Shoreline elevation data from Meyér (1986) also
indicate that some shorelineg are tilted by as much as Q m/km. Given the
evidence for vertical deformation, reevaluation of shoreline correla—
tions reported by Richmond (1976) is warranted.

The radiocarbon dates given above indicate that lake level has been‘
declining at a roughly constant rate for about the past 9 ka., However,
various lines of geomorphic evidence indicate that lake level decline
has been ipterrupted, perhaps several times, by episodes of rising lake
level. Bailey (1984) and Hamilton (1985) have - documented submerged
shorelines which indicatg that wa;‘:er level has risen to the present
level after forming the now submerged shorélines. Meyer.(1986) suggested
that caldera inflation as documeﬁted‘by Pelton and Smith (1982) would
cause differential uplift of the 1éke outlet and éccompanying water
level rise throughout the lake basin. Opposiné rates of dcwﬁcutting at
the lake outlet would depend lafgely on thg relative erodibility of the
outlet material. Lowering lake level may also be controlled by local
downwarping as-ind;cated by shorelines tilting down towards the lake
outlet (Meyer, 1986). |

Considering the aBove factors, ‘1akeshores are probably fo%med
during periods of stable to rising water levels, whén wave—cut cliffs

can be effectively undercut (Meyer, 1986). Periods of rising water level
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have been roughly equated to episodes of uplift at the outlet. During
periods of falling water level the wave energy is presumably dissipated
on the wave—cut platform. The existence of at léast ten discrete
Holocene shorelines implies at 1eas; as many episodes of deformation.,
Thé'studiés of'Locke‘and.Meyer (1985),‘Meyer.(1986), Méyer and

Locke (1986) and Locke (1989, personal comm.) have done much to decipher

 the complex volcano-tectonlc deformatlonal signal that is displayed in

the Yellowstone lakeshores. However, the studies have been restricted by
the lack of a means to numerlcally date‘the shoreline segments and make -
firm correlations between widely'spaced‘lOCatiops. Méygr (1986) sug-
gested the use of obsidian hydration dating- techﬂiques to solve the
dating and correlation problem because of the abundance of obsi@ian
gravel on ;he raised shorelines.

The purpose of the second partv of this study 'thereforég, is to
devise a method, using obsidian hydration dating techniques, to numeri~
cally date and correlate discre;e shoreline segments. The hypothesis
that will be teéted in this part of the study is that lacuszrine
processes of storm swash and longshore currents effectively rework
obsidian pebbles.so that each shoreline fossesses a unique, characteris—

tic hydration rind thickness,
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METHODS

Sampling

Obsidian Sand Plain

Sampling pit locations for study site 1 were seleéted from a sketch
.map of fluvial terraces along the Madison River by Nash (1984) (Fig. 3).
Sampling pits were located between dated terrace scarps so that age
dating resplts from this study should be directly comﬁarable to those of
Nash (i984). This is because terraces and terrace scarps are simul4
tanegusly acted upon by the stream and the abandonment of a particular
stream position is reflected in the ages of both these types of'sur—
faces. |

Sampling pifs were dug by the author om each of the fluvial
terraces to a depth of‘one‘meter and samples collected at 20 cm incre-
ments., There was no Qisible stratigraphy and'very little soil develop—
ment. Soil profiles generaliy consisted of a thin (5 cm) Ahho¥izon with
a thicker (20 cm) Bw horizon. Care was taken to dig the pits away from
the toe of the adjacent slopé so that there was little chaﬁce‘of mixing
material from the next higher terrace. Moderﬁ river gravel samples weré
collected from the active river channél an&.from an-exposed gravel bar.
The modern gravel samples were collected at a dépth of about 20 cm
because of the difficulty of digging é pit in the active channel and the

proximity of the water table to the surface of the gravel bar.
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Pit Tl
Pit T2
Pit T3

Pit TO

Pit T4

*01#

*000 m
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IDAHO WYOMING
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MAP LOCATION

Figure 3 - Computer generated (Golden Graphics. 1984) diagram of study
site | shewing location of sample pits. Sketch map after Nash (1984).
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Yellowstone I_.a1€e .

Sampiing pits were dug by the author and William Locke on a
sequence of beach bars along a low gradient depositional coastline ﬂear
Breeze Point for study site 2 (Figs. 2'.and 4) . This type of coastline
was chosen because the material that comprises the bars must have
traveled a loﬁger distance thaﬁ beach material found in steep, erosional
coastlines (Komar, 1976). On a low gradient coastliné, the features are
largely constructional and the material was probably transported from
another location while the'beaéh material on a steep coastline may bg
derived from the a.djacent cliff; This difference .is_‘important because
tﬁe beach material is more likely to be réworked if it is transported»a‘
greater distance. | |

Sample pits :were dug on the crests of beach berms . (Fig. 4) tol a
depth of one meter and samples collectéd at 20 cm increments. Soil
development was genera}.ly poor, but there was a significant amount of

organic matter accumulated in the A horizons of some of the pits.

Hydration Rind Measurement

Laboratory proce:dures used for sample preparation were modified
from Michels and Bebrich (1971) (Appendix A). The main difference is
that six obsidian grains instead of é single wedge cut from an anthropo-
logical artifa?t are mounted directly to a slide. |

All samples were measured blind, in the sense that samples were
relabeled by William Locke before preparation and measurement. The
identity of the samples v}‘a-s re:vealed only .after measurements wéré

completed. This blinding procedure’ should decrease the subjectivity of
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Elevation (meters) above Bridge Bay datum

A—Modern beach berm
| | I

Horizontal distance (meters) from present coastline

Figure 4 - Surveyed profile of beach berms at Breeze Point showing
locations of sample pits. Vertical exaggeration is x20.
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the obsidian-hydration dating technique aé used in thié'Study to insig-
nificant levels.

" The optical system used to measure hydration rinds in this study
consists of an Ame¥ican Optical polarizing microscopé outfitted with a
Vickers image-splitting measuring eyepiece. A 10x dry 1en§ was used for
measurement coupled with a 15x e&epiece, the;eby providing a tota1 n
magnification of 150x. Admittedly9 this magnificatioﬁ is considerably
less than what is recommendéd by Michels and Bebrich (1971), but because -
statistically valid sample'siges were used, it was thought ;hat a‘dfy
lens woula be more efficient in terms of ‘time than a higher power oil
immersion lehs,'Furfhermore, use of the recommended optical system was
limited by what was.available in the Department of Earth Sciences at
Mohtané State University.

Whén,viewing individual grains under the microscope each rind

-measured must first meet a set of critefia which were chosen in order té
obtain the most consistent and accurate measurements between grains.
These criteria include: 1) smooth edge of grain at least 0;15 mm iong-Z)
edge of grain perpendicular to microécope stage and 3) hydrétipn front
parallel to edge of grain and perpendicular to microscope stage. If the
measuring location meets the first two criteriarbut there‘is no rind
present, then a zero thickness rind is recorded. A detailed flow chart
for hydration rind measurement procedures is locéted in-‘appendix B, i

The error that is associated with the obsidian hydrafion dating

technique stems from two main sources, which are the resolution of the
optical system and measurement error., These sources of error do not vary

significantly from one age determination to another (Michels and
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Bebrich, 1971), Because the combined operator and'insthment error
affect all samples in a given study equally, it is reéommehded by
Michels and Bebrich (1971) that each 1abor;tory compute a standard erro;' 
that applies to all hydration measurements by. that laboratory. |
The résolution of an optical syétem is given By: |
R = 0.610y/NA
where R is the limit of resolution (mic;ons)n y is the wavelength of
light being.used (microns) and NA is the numerical aperture of the
objective lens (Leach, 1977). The light source used in this study is a
tungsten halogen bulb which emits the full spectrum of visiblg light and
corresponds to a wavelength r;nging-from 0.4 to-O,ZSJﬁicrqns. These
lower and upper liﬁits are designated y; and Y2, respec;cively;°
Fo? the MSU/NBS:sttem the limits of resolution are given by:
Ry = 0.610(0.4) /0.25
'Ry = 0.976 n;ic_f'on“s (violet light)
‘ and .
Ry = 0.610(0.75)/0.25
R, = 1.83 microns (red light) .
However, by using an image-splitting measﬁring eyepiece, the resolﬁtion;
of an optical system can be incfeased by a factor of ten or more (Dysqn,.
1960) . The final error of the optical system usiﬂg thé imagé—splitting
eyepiece is'given by | |
| E =.cR
where E is the error (microﬁsjg ¢ is a constant related to the contrast.
from the center to the edge of an image and R is the opfical resolution

of the microscope as given above (Leach, 1977). Values of c generally




ol b il e I -1

-*325
vary from about 0.096 to 0. 068 dependlng ‘on” the general condltlons of

observation and correspond to .an 1mprovement of from ‘10, 4 to 14 7 t1mes‘

the theoretlcal resolving power of the m1croscope (Dyson, 1960)

The.flnalitheoretlcal-error range of the optlcal_system used.inh

this study is given by the following:

El = 0;695(0.9}6)

'Ell= 070§4:microns

“and
Eé = 0.096(1.83)

Ey = 0 176 m1crons
This range compares favorably w1th the standard error of + 0l1 mlcron
' accepted by Michels and Bebrich (1971) for their lahoratory.

An experiment,was.ﬂonefto deternine.the error associated with
ueasureuent of the hydrationdrinds.fTwo rindS‘were measurediin the same'.
'place thlrty-tlmes each and the mean and standard dev1atlon computed‘for_'.
each group of measurements (Table 1)' The first group has a mean of 5 76.
microns and standard dev1at10n of- 0.3 mlcrons while the second group has
" a mean of 19. 43 microns. and standard deviation of 0.44 microns. It is
concluded from thls egperiment that‘smallerArinds_have.a'smaLlerh
measurement error.associatedjwith them. This is‘cohsistentxwrth observaf,
tions in that thicker rindsigeneraliy'have.an‘indistinCt”hydration rront"
and so measuring precision.would he,expected to be somewhatilowerf |

A standard error of + 0.3 microns was accepted because the hydra—
tion rinds associated hith the fluvial terraces.and 1akeshores in this
study . are closer to the - flrst group of-error determlnatlon measurements'

than the second (Table 1) The standard error of + 0.3 microns also
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" Table.l. Data array and analysis of measurement error experiment.  Two.
individual hydration :rinds were measured thirty ‘times each to-
determlne error aSSOC1ated w1th measurement technlque.

Sample 5—5—1, graln 5 L1—7—3, grain 3
5.26 microns 18. 86 mlcrons
5,60 - 19.83-
5.71 20.51
5.66 20.06
5.49 - 19.09

. 5.89 '19.54
"5.89 . 20.00
5.37 20,00 .
5.71 . 19.03
5.71 19.77
5.66 19.66
.6.00 19,43
5.77 18.91
5.60 - " 19.31
5,83 19.60
5.43 - 19.83
6,06 19.60
5.66 - 19,43
6,06 19,37
5.83 " - 19.1%
6:17 ©19.43
- 6.11 19.20
. 6,29 19,37
5,09 19,03
6.17 18.63
6.29 18.46
5.83 ©19.89
5,60 19.43
5.77 19,43
5.26 19.09
Mean 5.76 '19.43
Std Dev .0.30-

0,44
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includes ‘the error associafed with the optical system.

Grain Size ‘Selection -

All of the samples from both the fluuial‘terracesfand the lake-

shores contain sediment size classes'from fine‘sand"through coarse

gravel. Therefore,‘an experiment. was performed to- determlne the optlmalff

grain size to work w1th in, th1s study. both in terms of the number of,i G

measurements taken per given number of grains and ease of sample"

preparation. The sample chosen. for this experiment (KDArBBfTQ,.Sb—IOO.

cm) was obtained from the 0SP. The 80 t£o 100 cm level was chosen because

it is the least likely to have been affected by bioturbation and solar
insolation. Sample grain sizes range from 'coarse silt to pebble size'

. partlcles (0 0625 to 16 mm)D but not all of these sizes Wwere prepared

for measurement because of 1aboratory l1m1tatlons. The sizes that were

"prepared are as follows:-O 5 to 1 mmn-l to 2 mm. 2'to 4‘mm and 4 to 8

Slldes were prepared w1th .at least.30 gralns for each size class and

examlned under the petrographlc m1croscope to determlne hydratlon rlnd'

'thlcknesses (Table 2) ’ ‘;2

The sample means of the hydratlon r1nd th1cknesses are statlstl—

cally 1ndlst1ngulshable for the sample sizes examlned (Table 2)s In

: addltlon, each size class examlned has a comparable range of r1nd
thlcknesses, therefore 1t was assumed that the slze class that offered C

the. greatest number of measurements per glven number of gralns would be

the most eff1c1ent to work with, for the remalnder of the study.

From Iable 2 it is concluded that the optimum grain size to prepare A

for hydration rind measurements is the‘2 to 4 mm class beécause . of the
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Table 2. Data array and analysis of hydration rind thicknesses for
different grain size classes from Terrace TO (80-100 cm).

Size (Classes

0.5 -1 mm 1 -2 mm 2 -4 mm 4 - 8 mm

4,06 Ry ’ 2.83 5.28
5.28 " 5.33 : 5.50 6,72
7.39 7.06 6.17 7.72
10.78 - 7.83 6.39 9.28
14.61 8.78 “7.72 9.44
16.89 9,00 8.44 9.56
19,06 9,72 9.94 10.67
19,17 10.56 10.11 11,33
21.89 12.00 11,89 11.61
23.56 12.39 12,22 12.72
12,50 12.44 13,72
13.72 13.50 13.78
14,61 14,00 14,28
17.06 14,11 14,44
17.22 14.56 14,50
18,94 15.00 " 16,06
20,78 19,67 16.11
22,67 20.28 16,17
24,33 20,39 17 .44
24,61 20.61 17.72
21,22 18.11
21,50 - - 20.17
22.39 22.83
23.17 23.17
25,33
25.89
27.94
N n=10 n=20 n=27 n=24
Mean 14,27 13.68 . 15.30 13,87
Std Dev 7.01 6.19 6.98 4,72

Std Error 2.22 1.38 1.34 0.96

LT
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number of measurements taken per number of grains. Although the 4 to 8
mm.class showed the smallest standard error of the mean (SEM),’ the
'dlfflculty of preparatlon of the larger gralns dlctated the ch01oe of

the 2 to 4 mm class, Th:Ls smaller class s1ze is thought to represent a- :
balance between hlgh energy depos:Ltlonal env1ronments and ease of sample
preparation. Grains larger than this are. ,-more,d;f?:u_.cu‘lt_toy _work-'with and‘
take lonéer to prepare, but jpresumably- are. repr'esentati_ve- of.‘higher"
energy depositi‘onal environments (Church, 197'2). Smaller'graj:ns are

somewhat easier to prepare, but did not have as many measurable rinds"

for a given number of grains, The 11kl:|.hood of . rework:Lng for smaller P

gralns is not as great as with larger gralns due to the cushlonlng‘
effect of a water film surroundlng each grain (Zlegler,-1.911; Thiel,
) 19:40).. Smaller grains are also more likely to travel in suspenslon which
is not. an-effective reworking mechanism (Dobkins and Folk, 1970).

o h.in'dsight,‘ the choice of sample KDA-88-TO, 80-100 cm was
unfortunate in that it is one of the few blmodal ‘samples enoountered in
this study (see'RESULTS). .Thus the tentat,iye, conclusion' of comparable_
rind .-d_evelopment on diff_.erent sized 'grains has not heen-' adequately

»

tested.

Zerc Thickness Hydration Rinds

To de'ter'mine’-if obsidian gra\}el' was"effectively reworked .in the '
,fluv:Lal system an experlment was performed to test the hypothesis that
-the'ancestral Madison R:Lver sufflc:n.ently reworked obs1d1an gralns so
that each terrace possesses a un:tque, _character:tst:n.c hydration._'r_ind"_ g

thickness. ‘It was assumed for this experiment that the modern stream -
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serves as an appropriate analog for the ancestral.Madison River Whiéh
cut the terraces. The expériment consisted of examiﬁing obsidian graiﬁs
from Térraées Tl to T4 and the'modern'stream énd specifiéall&lnoting the
presence of zero thickness rinds found on each graiﬁ. Many grains had
more than one location where a zero thickness rind could be observed, as
outlined by the measurement site selection criteria, but nof more than
one zero thickness rind was recorded for each grain., B& élagsifyiﬁg each
grain as possessing ‘zero rinds or not possessing zero rinds, the
statistical tests are more signifipant (Richard Rossi, 1989, personal
comm. )

The data were analyzed using .a series of 2 x 2 chi square -tests
(with a°5 % rejection level) to test whether there was a difference'in
the number of zeros found on each of the upper terraces compared to the
modern stream (Tablés 3 and 4)., The first hypothesis is that the number -
of zero thickness rinds on all surfaces is equal. Ihis hypothesis was -
rejected with a P-value = 0.0135 (Table 3): there is only a 1 Z chance
of this observed difference in zero values héving arisen from sampling
of similar populations. The rejeq£ioﬁ of this hypdtﬁesis indicates that
there is a difference between éamples° |

The second hypothesis is that the modern stream is similar to the
four other surfaces wiéh respect to the number of zero thickneés rinds.
This hypothesis was rejeéted with‘a P-value = 0.0032 (Table 4) which
indicates that theré is a difference between the modern séream sample
and Terraces Tl through T4.

The results of these two statistical tests imply that rgwo?king

does take place in the modern stream. However, reworking is not complete
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Table 3. Chi square test to determine if all-terraces have same number

of zero- thlckness rlnds.

Rind Thickness

_zero® : . non-zero
Terrace T1 N L 20
2. R T o 24
T3 T S22
T4 ) 17
Modern stream b A &

Hof Tl =T2 =T3 = T4 = Modefn stream
P-value = 0,0135

Therefore reject H_ , there is a difference between samples. o

Note: 35 to 37 gralns were measured from each surface Wlth

having only one measurement, ' ‘

éach grain

Table 4, ‘Chi square test to determine if the modern stream has the same

number of zero thicknéss rinds as the terraces.

Rind Thickness.

.zero . ‘non;zero
Terraces Tl to T4 60 . : ‘ 83

Modern stream - 25 . - 11

Ho: T1L + T2 + T3 + T4 = Modern stream
P-value = 0,0032 ‘ o

Therefore reject H theie’is'a‘difference between the terraces and the

'modern stream,
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as indicated by the presence of hydration rinds on. gravel sampied from
the modern stream. This is consistent with. the obgervation of Pierce an&
others (1976) that the grains they examipéd for evidence of glaciai
reworking also possessed preekisting rinds that dated from eariier
events. Therefore, each rewgrking event dpes ﬁof completely erase the
record of previous- reworking events, potentially enabling several

events to be dated from a single grain.

Statistical Methods and Data Presentation

Hydration rinds on obsidian artifacts afe»ciearly ident.ifiable and
present little ambiguity in correlating a rind with the creation of the
artifact (Friedman and Smith, 1960). However, when examining rinds from
naturally worked obsidian, the rinds tﬁat date from the event of
interest must be selected from a number of rind thicknesses. Pierce and
otﬁers (1976), in their study of glacially worked obsidian, reasoned
that both radial pressuré cracks and shear cracks on obsidian gravel
stemmed from glacial ﬁrécesses and so could concentrate their measure-
ment efforts on rinds that formed along these cracks.

The lack of clearly idgntifiable eveﬁtfspecific hydration_rinds to
measure in the case of fluvial and lacustrine worked.éedimeﬁts dictatés
a statistical approach to the problem. As mentioned_abévg, on a given
grain there may be several rind thicknesses and therefore it is logical
to assume that the thinnest rinds date from the most recent event and
that progressively thicker rinds date from older events. Hoﬁe#er,
because'the hydratiéh phenqmena causes mechanicai‘strain. rinds tend to

spall parallel to the grain edge (Michels and Bebrich, 1971) and thus
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may cause anomoiously'thin rinds'to-be'present; Consequently, sample'

“slzes must ‘be suff1c1ently large to- be able to’ dlfferentlate between

rlnds that date from the event of interest. and those that are created by‘
other processes (1.e..spa111ng and frost fracture)

A further reason -statistically valid sample 'sizes must be used for '

‘:-naturallywarked:specimens is that it is likely that hydration rate

varies w1th1n 1ndrv1dual rhyollte flows -and is generally accepted that

hydratlon rate varies between flows (Frledman and Long, 1976' Mlchels,v"

1985; Mlchels,'1988) Frledman and Long (1976) postulated relatlonshlps: K

between silica content and hydratlon rate and between refractlve 1ndex“
and. hydratlon rate. They also found that 1ncreased CaO (ca1C1um ox1de)
and MgO (magnes1um ox1de) reduce the hydratlon rate. Analyses of 51ngle—

source (Aster Creek and Obs1d1an Cllff flows) obsldlan shows varlatlon_

' among the chem1ca1 constltuents of individual samples (Appendlx C)u e

(Frledman and Long, 1976 M1chels, 1988) . In partlcular, the amounts of

Ca0 and Mg0 in the Aster Creek flow. vary by as much as factors of 1. 4fi~
and 2.0, respectively, The_analyses indicate that-these flows probably‘
do not have a unique hydration rate but‘that rates are variable around~
some - representatrve hydratlon rate. Therefore, singleisource obsfdian

gralns may possess dlfferent r1nd thlcknesses that date from the same'

'event.

Furthermore. because each ob51d1an flow has a representatlve
hydratlon rate (Frledman and Long, 1976) depos1ts w1th more than one‘

source area may also possess r1nds of d1fferent thlcknesses ‘that date -

from. the. same event. If 'a‘“glven' ‘set of sequential- deposits such--as;

fluvial terraces contain the same mixtire of source material, statisti-
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cally valid sampie sizes frcm each terrace should alleviate the;problem
of differing.hycration.rates, assuning that each terrace contains the
same mixture of source materiai; |

Nonparametric density estimation (Tarter and Kronmal, 1976) was
used to dlsplay the rind measurement data from the sample p1ts on the
‘fluv1a1 terraces and lakeshores. Dens1ty estlmatlon assigns each data
point a standard.distributicn and the sum.total cf all data points
defines the shape of the overall density'estimatibn curve. However, the
shape of the curve can be slightly altered hf choosiné different;
" smoothing parameters, The"adyahtages of'density'estimatioh cver'parame;_"'
tric frequency,histcgrams'is that'hras ;5 not introdmced by chcosing a
ciass interval ahd‘the technique does'not assume that-the sample was-
takeh'frma a ncrmai;y-distributed‘pcpulatica;'Ferthermorea density-
estimatron“was .used because‘the data distribution fcr each of the
samples appears to be a mlxture of several normally dlstrlbuted popula—
tions (Richard R0391. 1989. personal comm ). ThlS is a 31tuat10n which:
does not ea511y 1end 1tse1f.to parametrlc statlstlcal ana1y51s. However,'
curve flttlng procedures are’currently'lh progress~that w111 allow“'
parametrlc estlmates of. the data dlstrlbutlons (chhard -Rqssr,_ 1990,

personal comm.) .
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RESULTS

Obsidian Sand Plain

Rind measurement data, exclusive of zero rinds, for individual
sampling levels for Terrace TO (Appendix D) are shown by density
estimation diagrams in Figures 5-9. Hydration rinds from each sampling
depth were measured in order.téldetermine if hydration rind thickness
varied with depth aﬁd to define an appropriate depth from which to
measure rinds in the femainder of the sampling pits. The 20 to 40 cm and
40 to 60 cm levels for Terrace 10 (Figs. 6 and 7) show the most regular
peak in the 0O to 10 mic;on range and therefore this range of levels was
used in all subsequent sample measurements.

It should be noted that all of the different pit‘levels except the
80 to 100 cm 1eye1‘show a similar pattern of data distribution (figs. 5-
9). The data for the upper 80 cm of the pit suggest that the hydration
rinds record at least three events with the youngeét centered around 6.5
microns. The dominant peak at about 6.5 microns for the 80 to 100 cm
depth is much subdued and the distribution instead displays strong peaks
at about 14 and 22 microns (Fig. 9).-The aégregate data for Terréce TO
clearly shows all three peaks (Fig. 10).

Rind measurement data, exclusive of zero rinds, from the 20 to 60
cm depth for Terraces Tl to T4 and surface samples for the'modern stream
(Appendix E) are shown by density estimation diagrams in Figures 11-15.

These density diagrams show a strong peak centered around 6.5 microns.
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Terrace TO, O- 20 cm (n=32)

Q 0.05

Thickness of Rind (microns)

Figure 5 - Rind measurement data for Terrace TO at 0 - 20 cm depth.
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Terrace TO, 20 - 40 cm (n=31)

Thickness of Rind (microns)

Figure 6 - Rind measurement data for Terrace TO at 20 - 40 cm depth.
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Terrace TO, 40 - 60 cm (n=35)

O 0.05

Thickness of Rind (microns)

Figure 7 - Rind measurement data for Terrace TO at 40 - 60 cm depth.



39

Terrace TO, 60 - 80 cm (n=33)

Thickness of Rind (microns)

Figure 8 - Rind measurement data for Terrace TO at 60 - 80 cm depth.
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Terrace TO, 80- 100 cm (n=27)

Thickness of Rind (microns)

Figure 9 - Rind measurement data for Terrace TO at 80 - 100 cm depth.
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Terrace TO, O-100cm (n=158)

Thickness of Rind (microns)

Figure 10 - Aggregate rind measurement data for Terrace TO.
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TerraceH (n=78)

Thickness of Rind (microns)

Figure 11 - Rind measurement data for Terrace TI.
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Terrace T2 (n=76)

Thickness of Rind (microns)

Figure 12 - Rind measurement data for Terrace T2.
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Terrace T3 (n=60)

Thickness of Rind (microns)

Figure 13 - Rind measurement data for Terrace T3.
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Terrace T4 (n=91)

Density of Data

Thickness of Rind (microns)

Figure 14 - Rind measurement data for Terrace T4.
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Modern Stream (n=58)

Q 0.05

Thickness of Rind (microns)

Figure 15 - Rind measurement data for modern stream.
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However, the distribution of rinds thicker than 6.5 microns for ‘Yerraces

Tl to T4 and the modern stream do not appear to consistently cluster.

- Yellowstone Lake

Rind measurement data, exclusive of zero rinds, for the five raised
shorelines (Appendix F) are shown by density estimation diagrams.in
* Figures 16-20,. anh of thg‘diagrags has a prominent peak.between 5 and
6.2 microns. Rinds thicker than this do not appear to cluster around
common points for all sghorelines but are distributed between about 10
and 30 microns. Both Shorelines S3 and S4 (Figs. 18 and 19) also show a
fairly prominent peak at about 16 microns.lThe uppermost shoreline, S5,
displays a peak at about 21 microns that is as prominent as the peak at

5.2 microns (Fig. 20).
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Shoreline SI (n=63)

Thickness of Rind (microns)

Figure 16 - Rind measurement data for Shoreline SI.
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Shoreline S2 (n=84)

Q 0.05

Thickness of Rind (microns)

Figure 17 - Rind measurement data for Shoreline S2.
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Shoreline S3 (n=80)

O 0.05

Thickness of Rind (microns)

Figure 18 - Rind measurement data for Shoreline S3.
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Shoreline S4 (n=62)

Thickness of Rind (microns)

Figure 19 - Rind measurement data for Shoreline S4.
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Shoreline S5 (n=51)

Q 005 -

Thickness of Rind (microns)

Figure 20 - Rind measurement data for shoreline S5.
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'DISCUSSION

The original purpose of this study was to devise a method, using
obsidian hydration dating techniques, to date fluvial terraces and lake
shorelines. During the coufse of this étudy, much information has been
revealed'aboat the obsidian hydration dating technique in.gene;al. This
information has important ramifications for geologists and archaeolo-
giéts employing the technique in their studies. In the following
section, the technique will first be discussed as applied to fluvial
terraces and lakeshores and then a general discussion of fhe obsidian

" hydration dating technique will follow.

Obsidian Sand Plain

Solar Insolation

Friedman and Long (1976) found that obsidian exposed to the sun
will hydrate much more rapidly than buried obsidian., In their experi-
ments near West Yellowstone, MT, they determined that obsidiaﬁ from tﬁe
Obsidian Cliff flow reached a temperature of 19.7 ©C in direct sunlight
which corresponds to a hydration rate of 16.0 microns2/1000 yrs. Soil
teﬁperature at a deéth of 0.9 m averaged 6.9 o¢, whicﬁ corresponds fo a
hydration rate of 3.4 migronsz/looo yrs. The disparity between these two.
rates is very significant with regard to sampling depth. it would appear
from the study of Friedman ana Long (1976) that to escape the effects of
solar heating, samples should only be collected at some depth‘bélcw the

surface,
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The data from Terrace TO (Figs. 5-9) show that there is no apparent
increase in rind thickness in the upper few decimeters which implies-
that effects of solar heating are negligible at this site. It was
expected that there would be an increase in rind thickﬁess toward the
surface, but this’ is not portrayed by the data. One possible explanation’
is that bioturbation could have the effect of mixing the surface layer
thereby nullj.fying the solar heating signal. Bioturbat:i.on-may take the
form of root throw or ground squirrel burrowing. It is also possible
that, because this site is covered by éncw for a large part of each

year, solar heating does not have an effect on the hydration rate.

Reworking Processes

'Reworllaing in the fluvial environment is probably dominated by
fracturing as opposed to abrasion. Twenhofel (1945), in his -study of the
rounding of sand grains,- stated that 'when stream sediment contains
gravel and sand, the sand particles do not become rounded. Instead, the
sand grains are repeatedly fractured by impact and gr:md:.ng It is not
unreasonable to suggest that gravel size ‘pa-rticles also remain angulgr
through the same processes of rewérking. Dobkins ;nd‘ Folk (1970)
reported that stream gravels retain much of . their angularity during
transport. This implies that if reworking does occur in the fluvial
environment, then the dominant process is probably fracturing as opposed
to abrasion, which would tend to increase the roundness of individual
clasts (bobkins and Folk, 1970).

When examining hand speciméns from the OSP, some of the obsidian
pebbles have slightly frosted corners, whj.c,h probably'rgsulted from

abrasion, but generally the obsidian grains .are very angular and
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irregular in shape. ﬁhen examining these pebbles with a microscope, some
of the corners appear abraded, but'overall the edge$ of the peSbles are.
generally smooth, No rindg were measured on corners that appeared
abraded because the rinds in these areas did not have consistant
thicknesses along the abraded edge. Instead, all rinds were measured.on
smooth edges. A smooth edge would be expected to be cfeated through the
conchoidal fracture of obsidian. The above observations indicate that.
obsidian pebbles wear in the fluvial environment mainl& by fracturing’
and hydration rinds were measured only on fracture surfaces.

The modern stream contains significantly more zero thickness rinds
than the higher terraces (Tables 3 énd 4) which implies that fluvial
reworking is an effective agent in resetting rinds on obsidian grains;
The modern stream possesses about 20 to 60 7 more zero thickness rinds
than the other surfaces (Table 3) which indicateé_ that reworking
processes are effective on about 20 to 60 % of thelgrains. The processes
that produce zero thickness rinds on Terraces Tl to T4 (Table 3) most
probably reflect ég} situ fracturing, sampling technique and sample
preparation. |

Grains are only partially reworked in the fluvial en&ironment which
implies that each grain can potentially record multiple events. This is
evidenced by multiple rind thicknesses for each pit level (Figs. 5-9)
and multiple rind thicknesses on individual grains as observed in this
study and reported by Pierce and others (1976). Additional evidence
includes the fact that grains in the modern stream possess rinds of
various thickness in addition to zero thickness rinds (Appendix E). If

complete reworking occurs in the fluvial environment, there should not
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be any measurable rinds present on moderh‘stream gfavel and by in-
ference, gravel from an individual tefracé 'shguld “oﬁly' péséess finds
that date from a single event. Both of these situafions are élearly not

the case.

Depth of Reworking

There was no visible stratigraphy in the pit on Terrace TO, howevgr
the.data from the 80 to 100 cm depth.(Fig. 9) lack the dominant peak atll
about 6.5 microns and instead show two prominent peaks at about 13 and
22 microns, respéctively. Thése data are not compatible with a Pinedale
age for this material and can be interpreted in at least two ways. Tﬁe
first hypothesis is that the 80 cm depth represents maximum depth. of .
reworking by a Pinedale age stream. This implies that thé bulk of the
deposi;‘dates.from an eérlier depositional event and Pinedale reworking
only affected the. upper 80'§m of the OSP at this location.

The éecqqd hypothesis is that the amount of materigl aboye the 80
cm depth rébresents'Piﬂedale aggradati&n. This hypothesis is genetically
similar to the first hypothesis but differs in at ieast one important
aspéct. Both hypotheses ca}l for some Pinedale—age mechanism to reset
graing in the upper 80 cm of the deposit, however one ca;ls‘for fluvial
reworking where the second calls for aggradation; which is cémpatiﬁle
with Pierce's (1979) outburst flood hypothesis, | |

The author proposes that the OSP does not date from one particulaf
episode of deposition, but instead is a composite deposit -that hag
undergone at least two pefiqu‘of deposition, The earlier major period
of deposition postdates Fhe recession of Bull Lake ice from Horse Butte

(Alden, 1953;.Witkind, 1969) . Hydration rinds from the 80 to ;00>cm
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depth (Fig. 9) display the youngest peak at about 13 microns whiqh
indicates that this level largely dates from Bull Lake time (Fig. 21).
However, hydration rinds on gravel coileéted at depths from 2 to 12 m
below the surface of the-OSP_in‘other locations date from Pinedale time
(Pierce, 1979). This indicates that the .depositional gnd erosional
history of the OSP is complex and that there may be large paleo—channels
in the OSP that were erodea in pre—Pine&ale time and filled during
Pinedale aggradation.

Only about 80 cm of sediment w;s aggraded or ?eworked at the
location of sampling pit TO dufing Pinedale time. As mentioned abové?
deposition could have been in the form of shallow aggrading streams.
(Richmond, 1964) or from glécial outburst floods (Pierce, 1979). From
evidence presented below, advancing and full Pinedale ice conditions are .
characterized by aggradation whereas Pinedale recession is characterized
by erosion and terrace fofmation. It must be emphasized that this multi-
age OSP interpretation is based on éne site only but is compatible with
evidence presented by Alden (1953); Richmond (1964), Witkind (1969) and
Pierce (1979).

If is difficult to reconcile the disparity between.aggradation
dufing Bull Lake recession as postulated by Witkind (1969) but‘downcut—
ting during Pinedale recession. However, the glacial regime of each ice
mass was very different. The Bull Lake glacier exteﬁded out into the
West Yellowstone Basin to the position of Horse Butte whereas Pinedale
ice just exited the mouth of Madison Canyon (Fig. 1). The gradient from
the mouth of Madison Canyon to Horse Butte begins at al")outrlo but soon

lessens to about 0.1° (figrce, 1979). The gradient of the surface is

b
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very low, but probably does not ?eflect the origina; surface that the
Bull Lake ice moved across. Richmond (1964) reported that the gra§e1
ranges in depth from 12 to 30 m and rests on lacustrine sediments im~
pounded by the Bull Lake moraines. Depending on the thickness of the
lacustrine deposits, the gradient of the surface may have been much
steeper.

The glacier dynamics of Bull Lake ice are further differentiafed
from Pinedale glacier dynamics because the West Yellowstone flow was not
emplaced until at least late Bull iake time (Pierce and others, 1976).
Pierce (1976) reported that Bull Lake ice moved into the West Yel-
lowstone Basin from the southeast through a 15 km gap that is now
occupied by the West Yellowstone flow. Pinedale ice édvanced into the
basin from the northeast and originated at the ice divide located in the
vicinity of Obsidian Cliff. If the West Yellowstone flow was emplaced
while Bull Lake ice was present, it is likely that there were large
jokulhlaups in the basin during this time. The West Yellowstone flow has
been K-Ar dated at 117 + 8 ka and has concave embayments thgt suggest
that it was erupted against ice (ﬁaldrop, 1975; Waldrop and Pierce,
19755 Pierce, 1975; Pierce and others, 1976; Richmond, 1976b; Pierce,
1979). The eruption of lava in contact with the ice could have provided
a mechanism for melting and floode in the West Yellowstone:Basin‘which
nay have contributed tb the deposition of the OSP during late Bull Lake

time.

Age of Terraces

There is no apparent difference between the position of the young-

est peak from Terraces TO through T4 (Fige. 10-14), indicafing that the
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terraces were cut in a shorter perlod of t1me than the technlqueAcan
discern. Edch surfaceAhas a large peak (Flgs. 10-14) centered around 6-5
microns with a range from 6-to 7 microns., Because the data sets-moSt.
probablylreflect multi‘modai distributions. parametric statistics were -
oriéinaliy not'used'to mahe'inferences about the'populations._Howeyer..
ongoing analyses by Ross1 (1990 - personal comm.) should provide more
reliable estimates of the cénter - of the peaks and the standard error of
these estlmates by means of parametrlcgcurve‘flttlng. For the present,:
the center (mode) of' the 1arge peak for eachjterrace leyel is‘thebbest
measure of rind thickness. | | |

The first method used to obtaln a date for the terraces was,
appllcatlon to the calibration curve from Pierce and others (1976) (Flg.'
21) of an hydration value of 6.5 + 0. 5 microns, Wthh ylelds an age of:,'
20, 000 + 3,000 yr. ThlS age agrees Wlth P1erce and others (1976) in that
the terraces are younger than .full Pinedale moraines (™30. ka) but older
than Pinedale deglacial deposits (”12 ka). Nash (1984) used scarp
morphology to date the terraces by callbratlng the technlque against -a
minimum }éC date of 7,100 i 50 yr for Terrace T4. If this date is too:
young, the dates obtained from'the'upper'scarps will also be too young.
Figure 22 shows the ages‘Nash (;584) derived‘for the_terraces compared
to ages for the terraces derivedhby the first method in>this section., As
can be seen from this comparlson. most . of - the ages do not overlap
because Nash (1984) estlmated that thelterraces are 51gn1f1cant1y'
younger.than estlmates.from thlS study

A second method used"to obtain an aég:for the tormation of the:'

_terraces was to use hydration rate constants caleculated for the Obsidian
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Pinedale deglacia
deposits
Madison River Madison River
terraces (Peak 1) terraces (Peak 2)

Pinedale terminal moraines

West Yellowstone flow

«= Range of modal . )
values (this study) Bull Lake terminal moraines

I= *1 S.D. (from Pierce
and others, 1976)

5 6 %|8|9i10 11 12 13 14 15 16
Rind thickness (microns)

Figure 21 - Hydration calibration curve showing ages of Madison River
terraces and an interpreted older event (heavy lines, this study) in
relation to glacial deposits in the West Yellowstone area (after Pierce

and others, 1976).
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CORRELATIONS

Pinedale terminal

moraines L. _ 1
Terrace TO
T fimtmmimn]
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T3 liuivuumn
T4 I fmrommnf|

EXPLANATION

iMilS v This study
Pinedale deglacial

deposits
Nash (1984)

Modern stream |
Pierce and others (1976)

G 10 20 30 40
AGE (10lyears)

Figure 22 - Correlation chart showing ages of selected surficial
geologic features in the West Yellowstone area.
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Cliff flow (Michels, 1985) together with an estiﬁated effective hydra—
tion temperature (EHT). This method assumes that the obsidian in the OSP
is either derived ffom the Obsidian Cliff flow or hydrates at roughly
the same rate. Friédmaﬂ and Obradovich (1981) examined eight obsidian
flows in Yellowstone National Park and found that all of the flows were
chemically similar to-the‘Obsidian‘Cliff élow. Therefére, they . postu—
lated that there was no difference in hydration rate among the flows,
Pierce and others (19765 réported that most of-the material in the OSP
was prébably derived from the West Yeliowsfone flow, which was included
in the analysis by Friedman and Obradoviéh (1981).

The Arrhenius equation used by Michels (1985) to relate hydration
rate to temperature is the same as that used by Friedman and Loné (1976)
and listed earlier in this thesis. The working version of this equation
for the Obsidian Cliff flow takes the form:

k' = 7.05 exp[77596/8.317 (1/473.16 — 1/T')]
where k' is an unknown (hydration rate ;t I') and T' is equal to the EHT
in K for the site to be dated. To convert the EHT from ©C to K use:
To (R) = T, (°C) + 273.16
The equation that convert; the rate constants to thé hydration rate is:
k' (365.26) (1000) = rate expressed as microns?/lOOO years

Friedman andIObradovich (1981) estimated that the present EHT on
the West Yellowstone flow is 3.0 ©C and the EHT during glacial times was
0 ©C. This is somewhat different than estimates by Pierce and others
(1976) of 3.9 ©°C (present day) and -2.1 °C (glacial). To adjustvfor the

elevation difference between the OSP and the West Yellowstone flow a

standard value of 0.5 °C was added to all estimates of EHT.iPiérce and
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others (1976) considered postglacial EHT's to have been in effect from O
to 11 ka and glacial EHT's to have been in effect from 11 to 75 ka and
127 to 170 ka. The terraces are thought to be post-maximum Pinedale in
“age (< 20 ka), so glacial EHT's have been operating for rbughly ﬁalf the
time and post glacial EHT's have been in effect for the remainder of the
time for this site. in this study an EHT of 1.4 9C was éhosen because
this is an average of present and glacial temperature (+ 0.5 ©C for
elevation difference) as gstimated by Pierce and otherg.(1976) and is
thought to represent an integrated estimate of temperatures,operatiﬁg
from late Pinedale to the present.

An EHT of 1.4 °C coupled with an hydration rind thickness of 6.5 +
0.5 microns yields an age of 15,520 +2480 -2300 years for the fluvial
' terracéé. This'age is lgss than that calculated for the terraces: by
means of the calibrétion egrve (Fig. 21), but is in the.same‘range.

It is hypothesized.here thatrterrace cutting was initiated im—l
mediately upon retreat of full Pineda;é ice, Rabid terrace formation is
not unreasonable in light of work by Thompson and &ones.(l986) who
determined that rates of incision were associated with‘the position of
an ice front. During times of rapid glacial retreat, incision was also
rapid, but during times of slower glacial retreat or still stands,

incision was slower or aggradation occurred.

Yellowstone Lake

Reworking Processes

Reworking in the beach enviromment is largely caused by abrasion.

Grogan (1945) studied the shapes of rhyolite gravel  on a Lake Superior
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beach and found that roundness increased away from the source area,
while the overall size changed very little. This indicates that fractur—
ing was probably not an active process on this beach, because fracturing
Qould tend to increase the angularity of the'gravel while a£ the same
time decreasing the size. Grogan (1945) attributed the .increase in
rounding to traction transport along the beéch face. Sames (1966)
studied isotropic (chert and quartzite) pebble associations to détermine
if littofal and flu?ial enviromments could be distinguished on the basig
of roundness and angularity. He found that both environments show a fair
degree of roundness, 5ut the_ fluvial febble associations ‘had a much
higher percentage of angular components and a wider variety of shapes.
Dobkins and Folk (1970) also studied the féworking processes of both
streams and beaches. They fouﬁd that, while anguiarify remained rela—
tively constant duriné stream transportation, a significant increase. in
rounding occurred in the beach enviroﬁment ﬁhich was also attributed to
traction transport on the beach face. From the abéve studies, it can be
concluded that fluvial pebbles are reworked by a combination of abrasion
and fracturing, whereas beach pebbles are reworked'maihly by abrasion.
This conclusion has»imporiant ramifications for this study because
hydration rinds were measured only on fractured surfaces and consequent—
ly reworking processes on the shorelines are not well reflected by the
sample measurement technique. However, because abrasion is thought to
represent small-scale fracturing, some of the rinds measured on the

shorelines could date from the time of beach abrasion.
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Age of Shorelines

The rind 1neasureéent data for all shorelines (S1-S5) display 5
prominent peak that ranges.from 5.0 fo 6.2 microns (Figs. 16—20); At the
outset of the study it was hypothesized that each shoreline has a unique .
temporal signal that is reflected by the thickness of hydration.rinds
from that particular surface.‘chever, this does not appear to be the
case. Instead, all of the shorelines are very similar with regard to
hydration rind thicknesses., As with the fluvial tefraces, which also had
very similar (but thicker) rind thicknesses, it can be ﬁypothesized that
the shorelines were formed in a more rapid periodhéf time than the
technique can discern, This may be true, but the author believes that
the rind signal for all of the shorelines is inherited from some
previous geologic event and is not associated with the formation of the
shorelines., As with the terraces, a somewhat arbitrary hydration value
of 5.5 microns was chosen to represent the shorelines pending further
statistical analyses by Rossi (1990, personal comm.).

The shorelines sthdied-at Yellowstone Lake afe not older than about .
14,5 ka and are probablf younger than 12 ka. Lacustrine and al;uvial
deposits in the Yellowstone Lake.Bésin‘haveﬁyieldedr14c agés of 14,360 +
400 (Waddington and Wright, 1974). 14,496 + 350 (kicﬁmond, 1976b),
14,130 + 370 (Kelley and others, 1978) and 13,650_1 650'BP (Richmond,
1976b) . Richmond (1976a) estimates that Yellowstone Lake_ﬁas completely
ice free by about 12 ka. At three localities around‘the 1ake{'Glaéie;
Peak ash has been identified (Richmond, 1976a). This ash has _been., L4g
dated at 11.2 ka in Montgna (Mehringer and others, 1984). Riéhmond

(1976a) reported a maximum' 14C date of 9060 + 300 years .associated with
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an 18-20 m shoreline which he considered to be the first shoreline to
form after complete deglaciation of the lake basin. However,.because of
deformation this shoreline i; not everywhéré 18-20 m'abgve,presént lake
level. As discussed previousiy, Meyer and Locke (1956) reported minimum
l4g ages of 2495 + 130 and 1410 + 160 yrs B.P, for lagooqs at 18.4 and
9.1 m, respectively.‘These minimum and maximum ages indicate that ice-
marginal lakes and streams were present in the Yellowstone Lake‘Basin by .
about 14.5 ka and that the basin was probably completely ice free by
about 12 ka,

Chemical analyses of detrital obsidian grains from the sﬁorelinés,
at Breeze Point (Appendix.C) indicate that virtually all of the grains A
are from' the Aster Creeé flow (Wayne Hamilton, 1989, written comﬁ.);
These grains were randomly selected from different shoreiines and frém
different sample.levels. Therefore, it is reasonable to conclude that
most of the obsidian gravel on the shofelines at Breeze Point is derived
from the Aster Creek fioﬁ which is the local bedrock in the area (Fig.
2).

Hydration rate conétants for the Aste; Creek flcw_havé been
determined by Michels (1988). These constants allow numerical age
estimates for rind thicknesses if the EHT is known. The workiﬁg versiqn-
of the Arrhenius equation relating hydration rate to temperature takes
the form of:

k' = 5.14 exp[86834/8,317 (1/473.16 — 1/T')]
where k' is the hydratibn rate at T; and T' is equal to the EHT in K for
the site. The final equation that gives the hydration rate for the Aster

Creek flow is:
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k' (365.26) (1000) = rate e;pressed as microns2/ 1000 years

Thus if the EHT can be measured or gstimated, a numerical date can be
generated using.the above equation. However, for reasoﬂs given below,
there is the possibility tbat the hydration rate constants for the Aster
Creek flow are in error. |

Friedman and Obradovich (198l1) used a glacial soil temperature of
-1 ©C and directly measured present soil temperature to determine EHT's
for various sites in Yellowstone in theif study of dating volcanic
events using obsidian hydration dating. Friedman and Norto# (1981) used
the Pallman method to.directly measure soil temperature in the Yel-
lowstone area so that present day EHT's could be used in studies
employing obsidiaﬁ hydration dating. Soil témpérature was measured at
twelve sites around Yellowstone Lake and temperatures along the western
shore nearest Breeze Point range from 5.7 to 10.6 ©C. Friedman and
Norton (1981) h&pothesized that the high soil temper;turgs‘result from
geéthermal heat flux. These temperatures were normglized to a sité'at'
7000 feet asl (2134 m) and in direct sunlight. The shorelines at Breeze
Point are 7732 feet asl (2357 ﬁ) and are shaded because of fhe dense
lodgepole cover. Therefore, the actual present EHT for_the'study site is
probably lower than the values reported by Friedman and Norton (1981)
for éites around Yellowstone Lake; Assuming that the present soil
temperature represents the high end of the range for EHT and the glacial
temperature represents fhe léw end, thelactﬁal EHT probably lies between
these two end points, |

The age of the geologic event that‘produced the yéungest rinds on

the shorelines can be estimated by using the Arrhenius equation and the
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estimated' and measured.EHT's.-Tablé 5 1isfs'hydration rates and cor—
responding numérigal- ages of a 5.5 micron rind using témperatures
ranging froﬁ —1,?C to 11 ©c, Q}early,'sgme of théséAdates are erroneous
given that the Aéte? Cfegk flow,hgs been K-Ar ﬁated at 174 + 4 ka
(Richmond, 1986). fhéuEﬂT fo?ithe Breeze Point site .must havg been near
or abo&e 6I°C, if the hydra?ioﬂ'constants calculated bvaichels (i988)
are correct. Othérwis;, thé:@éri&ed daéeé are older than the obsidian
flow itself. A 5.5 micronfrind_yields a déte of about 48 ka if a
temperature of 11 °C (measpred at Grant7Vi11aée) is used. It is unlikely
that' the EHT has been higher thén this value and it is probably ﬁuch
lower, given the near—glaciél climate in Yellowstone Park throughout
most of tﬁe Holoéene (Richmoﬁq, 1986),

Table 5. Hydration rates‘and numerical ages for a 5.5 micron rind and

effective hydration temperatures ranging from -1 to 11 ©C for
Aster Creek obsidian (After Michels, 1988).

Temperature Rate : Age

-1 °c o 0.16 microns2/1000 yrs 1,182,000 yrs
0 .. 0.18 934,000

1 0.21 686,000

2 0.26 . '525,000

3. 0.27 .- " 415,000 - -
4. 0.31 _ 315,000

5 0.36 . ’ 233,000

6 -.0.41 ‘ 180,000

7 0.47 ' ' 137,000

8 0.54. 104,000

9 0.61 . ‘ 81,000
10 . 0.70 o 62,000
11 - .0.79 - .+ 48,000
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‘It 1s poss1b1e that.the hydratlon rate constants for the Aster‘
Creek flow (Mlchels; 1988) are in: error. The constants y1e1d rates that . |
are an- order.of magnltude less than Obs1d1an Cllff constants for the-"
same’ temperature;”even though the chemlstrles are very s1m11ar (Appendlx
Cl. Fr1edman and Long (1976) reported that 1ncreased 8102 1ncreases the
rate of hydratlon while 1ncreased Ca0 and MgO decrease hydratlon rate,
' Chem1ca1 analyses of Aster- Creek obsidian (Mlchels, 1988a, 1988b) show a
o hlgher s111ca content than . Obs1d1an Cllff (Frledman and.'Long, 1976
Mlchels, 1985) and v1rtually 1dent1ca1 values of CaO “and MgO (Appendlx
c). These analyses 1nd1cate that the Aster Creek flow should hydrate atl
a rate faster than or. equal to that of the Obs1d1an Cllff flow.i

Fr1edman and Obradov1ch (1981) analyzed the chemlstry of elght'
d1fferent Obs1d1an flows in - Yellowstone Park. The ages of these flows~
range from 77 to 399 ka.. All of the flows were chemlcally 51m11ar to the
Obsidian Cllff flow which led Frledman and Obradov1ch (1981) to conclude
that all of . the flows had the same hydratlon rate as that calculated for
Obs1d1an Cliff, The Aster- Creek flow _was not 1nc1uded in th1s analys1s,
but it is s1m11ar in both chemlstry and age to the Obs1d1an Cllff flow._

From the above d1scuSS1on 1t is reasonable to assume. that the

hydration rate constants calculated for the Aster Creek flow (Mlchels, S

1988) are in error. M1chels (1990 personal comm.) 1ndlcated that the
most 11kely source of error in determlnlng hydratlon rate constants was
calculatlng the activation’ energy based on llnear regress1on of induced
hydratlon measurements. Induced hydratlon is accompllshed at hlgh (150—
250 °¢) temperatures '50. the extrapolatlon to amblent temperatures

requ1red -by thls technlque could introduce s1gn1flcant error in deter-
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mining the activatlonrenergy'of‘a particular glass. Michels‘(1990,
personal comm;)‘stated~that'he requires a correlation coefficient of at
least O, 9997 in order to accept ‘the ‘derived actlvatlon energy value° The
correlatlon coeff1C1ent for determlnlng the actrvatlon energy for the '
Aster Creek flow is 0 9997 (Mlchels, 1988) which 1nd1cates that thls
value Just met the mln;mum;requlrements as defined by Michels (1990,
personal comm.)° An error of 5ust 10 % in determining . the actiuation
' eneréy can change the calculated hydratlon rates by . an order of mag—
n1tude; ThlS potentlal source of‘error could account for the large dif-
ference in. hydratlon rate constants between-the Aster Creek 'and 0bs1d1an
Cliff flows. Assumlng that the Aster . Creek hydration rate’ constants are
in error, the’ constants calculated for ‘the Obsidian Cliff flow (Michels,
'1985) will be used to estlnate.ages_for the shorelines at Breeze Point,
rAn'EHT ofrl.O e wasjused for the shorelines at Breeze Point
becauseuthis teuperature is thought.tozapproximate an_integrated average

ﬁ betWeen.élacial temperatures'(—1'°C)'and'present soil temperatures. Less

. weight was grven to present SOll temperatures because a cooler climate

has prevalled throughout most of the ‘Holocene (Rlchmond 1986)

A r1nd thlckness of 5 5.+ 0., 5 microns - coupled w1th an EHT of 1. 0 °C
'ylelds an’ age of - 12, 270 +2330 —2130 years for the shorellnes at Breeze
Polnt. Th1s age agrees well w1th estimates of deglac1at10n for the Yel-
lowstone Lake Basln (chhmond, 1976a; 1976b° 1986) but is thought to be
too old to be assoc1ated w1th the formatlon of - the shorellnes. R1chmond.f
(1976a) reported 14C dates for the shorellnes formed after deglac1atlon

of the ba81n ranglng frmm a max1mmm age of 9060 + 300 yrs B P. for

,Shorellne S7(7) (18—20 m) to a mlnlmum age ‘of 620 + 250 yrs B.P, ‘for -
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Shoreline S2(?) (3 m). Meyer and Locke (1986) reported minimum l4g ages

for Shorelines S6 and S5 (Shorelines S5 and S4-this study) of 2495 + 130

and 1410 + 160 yrs B.P., respectively. Locke (1989) also reported two

minimum 1%c ages of about 6 ka for Shoreline S6 (Shoreline S5-this

.study). The hydration age displayed by the shorelines at Breeze Point is

considerably older than any of the maximum/and minimum lag ages as-—
sociated with Holocene shorelines in the lake basin; Therefore, the
rinds must be associated with an older resetting event or the EHT ﬁust
be higher,

It is hypothesized that the rinds from the shorelines effectively
date the deglaciation of the Yellowstone Basin., A rind thickness of 5.5
microns closely matches rind thicknesses from deglacial deposits iﬁ the

Obsidian Cliff area (Fig. 21). Pierce and others (1976) also estimated

that deglaciation of the Yellowstone Plateau occurred about 12 ka., This

hypothesis is further supported by the lack of an effective reworking
mechanism for the beach environment. Consequently, the rinds would be
expected to date from the last effective reworking mechanism which was
the waning Pinedale ice mass.

Estimates can be made as to how thick hydration rinds dating from
the occupation of the shorelines would be if coastal processes were an
effective reworking mechanism. Assuming an age of from 2 to 9 ka for the
shorelines and an EHT of 1 °C the -hydration rind values should range
from about 2.2 to 4.7 microns., All of the shorelines have hydration
values in this range (Appendix F). These rinds may date from the
occupation of a given shoreline but, unfortunately the nonparametric

density estimation techniques as used in this study cannot determine if
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these thin rinds form a discrete cluster of points. For the sake of
argument, estimates of the age of the shorelines can be made if these
rinds are assumed to have formed by coastal reworking. Using an EHT of 1
°C, hydration rate constants for the Obsidian Cliff flow (Michels, 1985)
and minimum rind thicknesses from 2.74 to 3.77 (Appéndix F), the
shorelines yield minimum ages of 3050 to 5770 years. These ages are in
reasonablé agreement with some of the minimum 1% aées as discussed
above.

The shorelines at-Yellowstone Lake must have formed after 12 ka but
unfortunately the techniques used in this étudy cannot further resolve
the ages of these features with any degree of cerfainty° It is thought
that larger sample sizes of lakeshore gravel wouid do little to assist
"in the dating of these features because of the relative ineffectiveness

of the beach environment to produce fresh-fractured surfaces.

Interpretation of Older Events

Aggregéte data from Terrace TO (Fig. 10) forms two distinct peaks,
in addition to the one cen£ered at about 6.5 microns, that represent
‘events that occurred before late Pinedale time. These peaks ére centered
at about 12 and 22 microns, respectively. The peak at about 12 microng
"fits reasonably well with hydration rinds attributed to Bull Lake
glaciation by Pierce and others (1976) (Fig. 21). They measured a total
of 64 hydration'rinds spread over five sites but in this study a total
of 158 measurements were #aken at one site. Of the 158 measurements,
only about 21 Z or 33 rinds fell‘under the peak centered at about 12

microns (Richard Rossi, 1990, personal comm,). Consequently, because of




73
thé relatively small sample sizes, it is difficult to determine if these
two groups of rinds came from the same populatioh, namely‘Bdll Lake
réworked glacial pebbles.

Another hypothesis is that the éroup of rinds centered around 12
microns date from.the emplacement, of the West Yellowstone flow. Pierce
and others (1976) measured jﬁst six rinds interpreted as forming along
original cooling cracks on the West Yellowstone flow, but they are all
clustered around 12.5 microns, which is a close match to the 12 micron
peak from this study. This hypothesis is further supﬁorted by Pierce
(1979) who stated that most of the material in the OSP was probably
derived from the West Yéllowstone flow, |

The peak centered at about 22 microns (Fig. 10) does ﬁot seem to
fit into the hydration—event model developed by Pierce and others
(1976). The thickest rinds measured in that study were only about 17
microns. Pierce and others (1976) attributed the fhickest rinds to
cracks formed during the emplacement of the ubsidian Cliff flow. Again,
only about six rinds were measured to support this claim. It is very
possible that rinds clustered around 22 microns date original cooling
cracks and that tﬁe rinds measured by Pierce and others (1976) are
anomolously thin. This is éupported by the fact that a substantial
number of rinds (”20) make up the peak centered at 22 microns, which
indicates that there probably was some event associated with this peak.
And obviously,’these rinds cannot date from befére the emplacement of
the Obsidian Cliff flow (asguming that all material in the OSP has the
same range of hydration rate constants as the Obsidian Cliff flow).

Assuming that the rinds grouped around 22 microns date from the original
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' ‘emplacement of the Obsidian. CLiff flow, a recalibration of the hydration

curve from Pierce.and others (1976). (Fig. ‘2_1) might be warranted,
. Recalibrating this.curve may have the effect of changing the dates for

the Bull Lake Glac1at10n.

An hypothes:Ls that 1ntegrates data from Pierce and others (1976) -
and from th:Ls study is that the peak at about 12 microns dates from the
Eow1scons1n (Rlchmond 1986)., rlnds from 17 to 18 microns date froxn Bull

Lake time and rinds at’ about 22 m:Lcrons date from or:Lg:Lnal cool:Lng.

cracks.. The' Eow1scons1n glac1at:|.on occurred from - about 80 to 117 ka
(R1chmond 1986) and is thought to be less extens:Lve than- both the Bull
Lake and Plnedale Glac:Lat:Lons.. Even though the aggregate data from
Terrace 'TO (F:Lg. 10) does not show a peak at 17 to 18 m:Lcrons. many of
the den51ty dlagrams for both the terraces and shorel:l.nes (Flgs. 11-20)
show a COncentration of rindlthicknesses in this range. |

It is. not known why measurement data thicker than about 6.5 microns
for the terraces'and about 5 5 mlcrons for the shorel:Lnes does not seem

to consyllstantly cluster; around one or several po:,nts° It is likely that

reworking during the most”recen't event removed most of the e'i:isting'

r:.nds, thereby leav1ng only a fragmentary record of older reworklng
events. The spread caused by natural var1atlon 1n hydrat:Lon rates would

be expected to, be larger for older events wh1ch has the effect of

deemphasulngrdata concentra,tlons. The lac‘k of cluste‘ring may also

reflect a compl ex rework:Lng h1story that is beyond the scope of this

study to dec1pher.
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The Obsidian Hydration Technique

Obsidian hydration dating was originally developed to date ar-
chaeological artifacts and has since been adapted to date geologic
events and deposits., In all studies known to the author, a single set of
hydration rate constants has been used to calculate ages for artifacts
or geologic events if the obsidian is thought to be derived from a
single source. In some cases, when multiple sources are likely, a single
rate is étill applied (e.g. Friedman and Obradovich, 1981). The practice
of using a single group of hydration rate constants for a given rind or
group of rinds has the effect of ignoring naturél variation within
obsidian flows which may be the cause of scatter in the rind thick-
nesses.

The scatter of rind thicknesses around each of the peaks for both
the terraces (Figs. 10-14) and the shorelines (Figs. 16-20) dis at-
tributed to a number of sources. The first, and probably most important,
is varying chemistry between and within obsidian flows. Hydration is a
function of both temperature and chemistry of a particular rhyolitic
glass. As discussed above, Friedman and Long (1976) reported that the
amount of Siv,, Ca0 énd Mg0O affected the rate of hydration. The amounts
of these three constituents cannot be expected to be identical for
different obsidian flows. Friedman and Obradovich (1981) reported
differences in hydration rates for many flows around the western United
Stafes. They also analyzed eight different flows in rellowstoné Park and
found that all had similar chemistries. However, the analyses for the
different flows in Yellowstone were not reported, and consequently it

cannot be determined just how similar these flows are with respect to
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their $i0), Ca0 and MgO content.

The. apparent variability'tin‘ chemistry. within an individual flow.?
probably results from the technique used to analyze the glass in
addition to natural wvariation. Appendix C (Table 7) shows atomic absorp—.
tion spectroscopy analyses for multiple samples identified as Aster
Creek obs1d1an (Michels. 1988b) As can be seen. considerahle'variabil—

1ty exists in the amounts of the chemical constituents° In particuldr,
the amounts of Ca0 and MgO vary by as much as- 30 and 50 /;-respectively.
Appendix C (Table 8) 1ists two separate analyses of the Obsidian Cliff
flow, which also shows considerable variability'in key elements. Some of
this variation is'presumed.to be inherent'in the glass,hbut a certain
percentage probably resul ts trom;the analytic technique, Unfortunately,
Friedman and Long (l976) and”Michels (1985; 1988b) did not report the
errors assoc1ated with each of the chemical analyses.

'Variation 4in key eleuents w1th1n a single flow 1nd1cates that
hydration rate should also vary within a single flow. ‘thereby casting
doubt on the practice‘of generating a s1ngle group of hydration rate
Ionstants for an.entire obs1d1an flow. There is:probably a range of
'hydration‘rate constants}tor each individual obsidian flow'that is
dictated:by‘the variation in chemistry for that flow..Table 6 ‘shows’
different hydration rates for the Ohsidian Cliff flow.calculated for the~
same temperatures by Friedman and ‘Liong (1976) and Michels (1985) The
disparity between these rates 1ndicates that there is variation in
hydration rate within a éiven flow. As an example, if an age is calcu4
. 1ated using constants supplied by Friedman and Long (1976) and Michels'

',(1985) and assuming a- rind thlckness of 6 5 microns and arn EHT of 6.0
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©C, there is a dlfference‘ln age of about 14 %. This translates into an
apparent age dlfference of about 700 years using these pafameterso

The variation of hydratlon rate due to chemlcal;dlfferences Within
individual flows has important ramifications for archaeologists and
geologists who use obsidian hydration dating tgchniqges. In the past,
generally only one set of rafe constants was generated for.an individual
flow (Michels, ‘1985, 19885° These constants are periodically revised
(Joseph Michels, 1990, personal comm.), but the'undérlying assumption is
that each obsidian flow possesses unique.hydrétion rate consfaﬂts. As
caﬁ be seen from the. above example, the assumﬁtion of a single rate for
individual flows is.ndt justified and may lead éo erroneous conclusions
about the age of a particular artifact, aréhaeological site or geologic
reworking event, |

Table 6. Hydration rates and corresponding ages calculated for a 6.5
micron rind for Obsidian Cliff obsidian using the same temper-—

atures,
Temperature (©C)- Rate (microns2/1000 yrs) ‘ Age
1 2 1 2
6.0 3.10 2.88 4396 - 5094
6.9 3.40 3.21 . 3654 - 4100
19.7 16,00 13,76 165 - 223
22,7 22.60 19,00 .83 117

after (1) Friedman and Long (1976) and (25 Michels (1985)

Friedman and Obradovich (198l) analyzed eight obsidian flows in the’
Yellowstone region and found‘that all had similar chemistriesa There~
fore, they postulated that there was no variation in hydration rates

between these flows. Again, the analyses of these individual flows was
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not reported which makes it quite difficult to.assess the similarity of
the flows. In light of the fact that individual flows pbssess con—
siderable variability, it does not seem likely that gighf different
flows would possess identical hydration raté constants; |

Michelg and Bebrich (1971) piotted a histograph using 233 rind
measuremeﬁts which ranée from about 1 to 5 ‘microns from an archaeologi-
cal site in Mexico (Fig. 23). This range in rind thickness represents a
" period of time from 3584 B;C. to 1744 A,D, Most of the measurements fall
between 2 and 3 microns which corresponds to an age range from 34 B.C,
to 1077 A.D., but there are ﬁany subsidiary peaks. Thé spread associated
with these measurements was attributed to “an unusually long and complex
history of occupation". From the above discussion, it is possible that
much of the spread is, instead, caused by differing hydration rates for
many of the értifacts. This migh;-imply that the oécupation.history of
this site was not as long and complex as Miéﬁels and Bebrich (1971)
concluded. |

As can be seen from the above examples, workers -using obsidian
hydration dating techniques. must recognize that hydration rate constants
caﬁ vary‘between and within individual obsidian flows. Therefore, the
limitations of using a single rate (or a single rind) for an archaeolog-
ical site or geologic reworking event must be recognized and accounted
for. The ideal method would be to obtain hydration rate corstants for
eéch artifact or sample dateﬁ. However; because obtaining hydration rate
constants is a dest?uctive and expensive procedure, it is not always
possible due to fiﬁancial-limitations and is usually not desirable due

to the cultural value of .obsidian artifacts.
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Figure 23 Histcgraph of 233 rind measurements from an archaeological

site in Mexico (after Michels and Bebrich, 1971).
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Another source qf scatter for rind measurements is the standard
measurement error., The measurement errof for this study was determined
to be 0.3 microne., This vélue is significant with regard to individual
rind measurements, but is probably negligible in comparison to scétter
introduced by difﬁering hjdratibn rateg as discussed above. Other
sources of scatter include differences in time of reworking and fractur-
ing not related to the event of interest. This fracturing may take the
form of bioturbation (root throw or burrowing) or sampling tgéhnique and
preparation.

The unéertainty introduced by rind measurement scatter for ar—
tifacts and geologic eventg can be minimized by téking multiple rind .
measurements. To characterize a geologic site or horizon, where obsidian
has been naturally worked, a minimum of about 150 measurements must be
taken (Richard Rossi, 1990, personal comm.). This number is required
because oftentimes obsidian has gone through several Feworking events
and.the number of rind thicknesses is distributed amoné several modes.
The distribution has the effect of 1owering.the number of rinds used to
‘characterize an individual event. Obsidian artifacts have readily
identifiable, event-specific rinds that can be used to characterize an
archaeological site. Therefore,;considerably less rind measurements are

needed to determine a date for an occupation site or horizon.

)
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"' . CONCLUSIONS

The original -purpose. of this study 'was to develop an obsidian

‘hydratlon datlng technlque that could be used to date Quaternary

depos1ts that contalned detrltal obs1d1an. Two types of fleld settings
‘were 1nvest1gated,-The flrst was a group of fluvial terraces'cut'by the
ancestral Madison River near'West'Yellowstonen MT in post-—Pinedale time.

Hydration]rinds were-examined from the modern stream in order to

determlne if it serves as. an’ approprlate analog for the stream that cut.

the terraces. It was found that the modern stream possesses 51gn1f1cant—
ly more zero thickness rlnds than the terraces Wthh leads to the
conc1u51on that reworklng does occur in the: fluv1al env1nnment.

'Iherefore, the terraces should-possess unquefand characteristic

hydratlon rind thicknessesvthat'can be used to determine their ages. Be-

cause rinds of several different thicknesses on individual .grains weré’

also found in the modern.stream;_only partial reworking'occurs'in-this
env1ronment. This 1nd1cates that each naturally worked obs1d1an pebble

can potentlally record several teworking events.

Examination of pebbles sampled at 20 cm 1ncrements from the

0b31d1an Sand Plain (Terrace TO) 1nd1cates _that solar heating did not
appear to affect3the rate,of.hydratron in the upper few decimeters at
this site. The aggregate data from Terrace TO also 1nd1cates that the

ObS1d1an Sand Pla1n ‘might date from several perlods of deposition. All

of the sampling levels exoept for'the_80—100 cm level possess a strong-

rind signal.at.about 6.5 dicrons.-The lower level has strong peaks at
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about 13 and 22 microns which probably date from Bull Lake rgworkipg'and
original cooling cracks assopiated with the emplacement of aﬁ obsidian
flow. Therefore it is concluded that the Obsidian Sand'Plain dates frqm
at least two periods of'depoéition at this site.

Térraces Tl through T4 have a prominent rind signal at about 6.5
microns, indicating‘that,they Qere'cut in a shorter period of time than
the technique can discern. Two methods were used to obtain an age for
the terraces. The first was to use a rind value of 6.5 + O;S'microns and
the calibration curve of Pierce and othefs (1976) which yielas an age of
20,000 + 3000 years. The second method was to use the same rind value
coupled with hydration‘fate constants for the dbsidian Cliff flow
calculated by Michels (1985) and an effective hydration temperature of
1.4 ©C. The second method yieldg an age of 15,520 + 2480 -2300 for the
terraces.’Both of these aées are older than those calculated by Nash
(1984) for thé.ferraces° Hdweyer, if the calibration 14C date of 7,100 +
50 yrs B.P. used by Nash (1984) is too young, his terrace ages are also
too young. It is hypéthésized that terrace formation was accomplished
immediateiy upon.'rétreat '6f maximum Pinedéle‘ ice froml the lqoﬁth of
Madison Canyon, | |

The second fiéld setting involved raised shofelines of post—glacial
Yellowstone Lake. Thé shorelines also all have similar rind thicknesses
to one another. A rind value of 5.5 microns coupled with hydration rate
constants for the Oﬁsidiénncliff flow (Michels, IQésj‘and~an'effecfive
hydration temperéture of 1.0 °C yields an age of 12,270 +2330 -2130 for
the lakeshofes{_Conéidering that al; dated post—-glacial shorelines in

the Yellowstone Lake basin aﬁé younger -than about 9 ka, it is.concluded
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that the rind signal associated with the shorelines dates a previous

reworking event. It is hypothesized that the rinds on the shorelines

date from latest Pinedale reworking.

Reworking processes in the fluvial environment differ from those in-
the beach environment in that the dominant process in streams is
fracture whereas the dominant process on beaches is abrasion. In this"
study rinds were measuréd-only on fractured surfaces because rinds on
abraded edges were discontinuous and of varying thickness. The technique
of measuring rinds only on fractured surfaces thereby excluded most
rinds that were reworked in the beach environment.

ﬁHydration rate is dependent on temperature and the chemistry of the
glass. Because chemistry varies within and between obsidian flows, rate
would also be expected to vary. Therefore, it is not necessarily
appropriate to use a single group of hydration rate constants determiped
from a single sample to calculate ages for artifacts and geological
samples without recognizing this limitation. However, the cost of
calculating hydration rate constants for every sample to be dated is
prohibitively expensive.

The obsi&ian hydration dating technique developed in this study is
very appropriate for dating fluvial reworking events but does not appear
to be applicable to dating material reworked in the lacustrine environ-
ment. This technique can also be follo%ed, with minor adaptations, to
date glacial features aé has been done by Pierce and others (1976). This
dating technique should serve as a useful tool to other Quaternary

workers desiring to unravel the events of the past.
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APPENDIX A

- SAMPLE. PREPARATION FLOW' CHART .




Figure 24 - Flew chart for

Air dry

Sieve 2- 4
mm size

Select 50
grai ns

Wash and air
dry

Heat Canada Balsam
on eight labeled
slides for 3 minutes
at 200 C

Place six grains
on each slide and
cover with more
balsam

Heat for three

Cool slides

Check hardness of
balsam

Slightlij\
softer than thum
Mnail
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sample preparation procedures.

Prepare grinding
slurry 3 1 grit
(WCA 15T) to
water Should be
like syrup

Grind mounted slides
until half the thickness
of grains is removed

Dry slides

Place eight new,
labeled slides
on hot plate
(label down)

Place mounted slides on
top of new slides on hot
plate with ground grai n
surfaces flush against
new slides

Heat for two
minutes

Check to see if top slide
can be lifted without
disturbing grains

Grai ns
are lifted

Lift off
upper slide



Figure 24 - (continued).

Place more
balsam on
grains

Arrange grains

so they will fit
under a cover
slip

, Heat for two
TI minutes

Cool slides

Check hardness
of balsam

[ Slightly
softer than
\ thumbnail

Grind slides until

grains can be seen
through

(about 0 03 mm)

Rinse and
dry slides

Place slides
on hotplate
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Place small amount
of additional balsam
over grains

Place cover
slip over
grai ns

Heat for one
minute

Cool slides
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APPENDIX B

HYDRATION RIND MEASUREMENT FLOW CHART
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Figure 25 - Flew chart for hydration rind measurement.

Calibrate image
Splitting eyepiece with
stage micrometer after

Michels and BePrich (1971)
[ smooth

edge of grain at
Jeast 0 15 mm

~\long
Obtain formation
constant (fm) after
Michels and Bebrich
(1971)
AN Edge of
grain_L to micro-
scope stage n
Draw diagram of slide
showing grain location
- Record
Rind present ‘0" nnd

View slide with 10 x
objective for a total of

1SOXxdSx eyepiece) /1 hadrationt
gdration\.
Afront parallel to
edge of grain and X to
stage

Select nnd for
measurement
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Figure 25  (continued).

Record zero shear
Designate A

Turn knob on eyepiece
clockwise until

image is exactly split
Record maximum shear
Designate B

Turn knob counterclock-
wise past zero shear until
image is exactly split
Record minimum shear
Designate C

Compute
(B-C)/2

Record in notebook as
hydration rind
measurement



97 -

. APPENDIX C

CHEMI GAL ANALYSES OF OBSIDIAN GRAINS
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Table 7. Chemical analyses of-detrital beach pebbles from the Breeze
Point  area. Shoreline designations are in parenthesis, All
values are expressed as % / weight (after Michels, 1988).

Specimen No. ’ Na,0  K,0 Fe203T " Ca0 Mg0O Source

456-187-13C-1 (S1) 3.50 5.23 1.41 0.46 0.08 Astef Creek. flow
456-1.87-15B-1 (S4) 3.35 5.23 1.39 0.40 0.08 Aster Creek flow

456-187-17C-1 (S5) 3.24 5,37 1.28 0.41 0,08 Aster Creek flow .

456-L87-15B-2 (S4) 3.40 5.24 1,49 0.43 . 0.08 Aster Creek flow
456~1.87-15D (s4) 3.34 5,59 1.38 1.05 0.12 Unident. type A

456-1.87-15E (s4) 3.18 . 5.54 1,39 0.47 0.08 Unident. type B

456-1.87-15A-3 (S4) . 3.46 5,21 1.44 0.40 0.07 Aster Creek flow
456-187-16A (s3) 3.45 5.33 1,47 0.41 0.07 Aster Creek flow
456-1.87-17B-1 (S5) 3.59 5.16 1.48 0.48 0.09 Aster Creek flow
456-L87-16B (s3) 3.53 5.22° 1.37 0.43 0.08 Aster Creek flow
456-187-13E (st) 3.38 5.44 1.38. 0.44 0.08 ‘Aster Creek flow
456-187~-17C-2 (S5) 3.35 .5.51 1.44 0.49 0.09 Aster Creek flow
456-187-17B-2 (85) 3.54 5.31 1.47 0.44 0,08  Aster Creek flow
456-187-13C-2 (S1) 3.46 5.24 1,46 0.47 0.09 Aster Creek flow
456-187<-17B-3 (85) 3.52 5.56 1.54 1.02 0.14 Unident. type A

456~1,87-14B (s2) 3.52 5.26 1.48 0.50 0.12 Aster Creek flow
456-187-15A~1 (S4) 3.43 5.26 1.42 0.46 0.09 Aster Creek flow
456-L87-15A-2 (S4) 3.45 5.34 1,46 0.55 0.13 Aster Creek flow
456-L87-17A-1 (S5) 3.21 5,50 .1.43 - 0.49 0.10 Unident. type B

456-187-14D-2 (S2) 3.38 5,26 1.41 0.46 0.09 Aster Creek flow
456-L87-15C  (84) 3.44 5,19 1,41 0.50 0.10 Aster Creek flow
456-L87-14A. (S2) 3.39 5,20 1.41 0.48 0.11 Aster Creek flow
.456-187-14D~1 (S2) 3.43 5.22 1.38 0.56 0.12 Aster Creek flow
456-1L87-17B-4 (S5) 3.38 5.40 1.48 0.50 0.10 Aster Creek flow

Table 8. Chemical analyses of Obsidian CLiff obsidian. All values are
expressed as % / weight (After Friedman and Long, 1976;
Michels, 1985).

$i0, Al,03  Ndy0 K0 Fey0q " Ca0  MgO Ti0,

77.1 12.14 3.92 5,07 1.27 0.38 0.04 0.09 -
76,7 12,50 3.30 4,60 0.43 0.48 0.09 © 0.07
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APPENDIX D -.

RIND MEASUREMENT DATA FOR INDIVIDUAL SAMPL ING
LEVELS FOR TERRACE TO




100

Table 9. Rind measurement data for individual sampling levels for
Terrace TO

0-20 cm

20-40 40-60 = . 60~-80 80-100
1.86 4,00 2.34 4,23 2.91
2,351 4,00 3.71 4,57 5.66
2.63 4.11 4.06 4.69 6.34
2.91 4,23 4,80 4,97 6.57
3.14 4.63 4,91 5.09 ° 7.94
3.20 4.69 5.60 5.26 8.69
3.54 4.74 5.66 5.20 10.23
3.66 5.03 5.66 5.49 10.40
3.77 5.26 5.71 5,89 12.23
4,51 5.94 5.89 6.06 12,57
4,74 5.94 5.94 6.06 12.80
4,91 6.17 6.06 6.74 13.89
5.20 6.23 6.17 6.86 14.40
5.43 6.29 6.51 6.97 14,51
5.83 6.86 6.68 7.14 14,97
6.23 7.26 6.74 7.43 15.43
6.34 7.26 6.91 7.77 20.23
7.54 7.71 7.20 8.57 20.86
7.66 8.06 7.37 8.91 20.97
8.06 8.57 7.43 9.03 21.20
8.06 9.43 7.49 9.44 21.83
8.34 9.49 8.06 11,66 22.11
8.57 10.74 8.17 12.00 23.03
9.03 11.14 9.14 12.34 23,83
9.14 11.49 9.14 12,91 26,06
9.31 12.34 9.77 - 13.37 26.63
12,46 14,51 11.26 14,17 28.74
12.91 17.60 11,31 14,97
13.26 19,54 12,06 15.43
13.49 22.86 13.09 16.11
15.60 23.26 14,69 18.00
22.80 15.14 23.77
15.66 23.77
19.43

21.26
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' APPENDIX E

RINb MEASUREMENT DATA FOR TERRACES
T1 ‘'THROUGH T4 AND THE MODERN STREAM . N
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. Table 10. Hydration rind measurements for Terraces Tl through T4 and
the modern stream.. ‘

T1 T2 - T3 T4 ~° Modern

0 0 0 4,23 0

0 0 - 0 4,40 0
2.40 3.26 4,00 4,46 4,46
3,43 3.49 4,34 . 4.,51 5.94
4,11 4,23 4,63 4,74 6.51
4,34 4,40 | 4,69 4,80 6.51
4,34 4,57 4,91 . 4,97 6.69
4,80 ' 4,57 5.49 5.03 6.74
4,97 4,74 5.60 5.14 6.97
5.14 4,80 5.71 5.20 7.31
5.26 4,80 5.83 5,20 "~ 7.54
5.94 5.09 5.89 - 5,26 8,06
6 .00 5.20 6.00 5,31 8.11
6.17 5,20 6.06 . 5.31 8.40
6.17 5.31 6.23 5.31 8.46
6.23 5.43 6.29 5.37 8.46
6.23 5.49 6.40 5.54 9,03
6.29 5.83 6.46 5.60 9.09
6.57 5.94 6,51 5.71 9.20
6.74 6.06 6.63 5.71 9.26
7.26 6,17 6:74 5.83 . 9.31
7.37 6.23 6 .80 6.06 9.89
7.43 6.23 6.80 6.17 10.00
- 7.54 6.29 714 6 .40 10.29
. 7.60 6.34 7.14 6,63 10.40
7.83 6.34 7..20 6.80 11.26
7.89 6 .40 7.20 6.91 11,37
7.94 6.57 7.54 7.09 11.43
8.06 6.80 7.66 7.09 11,66
8.11 6.80 7.71 7.20 11,71

8.40 6.86 7.71 7.26 11,77
8.69 6.86 8.11 7.43 11.89
8.97 6.97 8.34 7.43 12.23
8.97 7.09 8,57 7.54 12,51
9,03 7.49 9,03 7.60 12.63
10.29 7.77 9,14 7.66 12.69
10.63 7.83 9.31 7.66 12.74
10.86 8.06 9.54 - 7.71 13.09
11.09 8.11 10,06 7.77 13.31.
11.09 8,17 10,06 7.83 . 13.71
11,09 8.23 10.86 7.89 14,63
11.31 8.69 11,09 8.11 15,20
11.54 9,09 11.26 8.46 15.43
11.54 10.00 11.37 8.91 15,49
11.66 10.46 11,94 9.14 15.60
11.89 10.69 12,34 9,26 16.23

12,17 11.20 _‘12m51 10,06 16.29




Table 10. (continued).
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T1 T2 - T3 T4 modern .
12,23 11.83 12:69  10.40 18,06
12.29 12.11 13.14 10.51 18,51
12,57 . 12.17 13.26 10.86 18.63
12,57 12,29 . 13,54 11.09 19.60
13.37 12.63 15.31 11.09 20.57
13.54 13.43 15.66 12.00 ~ 20.74.
13.94 13,54 16,00 12.06 20,86 -
13.94 13,71 16.,74-. 12.23 21.83
14,29 14,00 17 .31 12.74  21.89
14,29 14,34 18.29 12.80 22,74
14.34 14,46 18.34 13.09 23,14 -
14,57 14,86 .18.74 13,09 . 25,83
15,09 14,91 20.74 13.43 43,26
15.14 14,97 21,49 15.49
15.54 15.54 35.43 15.54
16,06 15.89 15.89
16 .74 17.03 15.94
16.80 17.49 16,17
16.86 17 .60 16,80
17.03 17.66 16.80
17 .37 18.23 17 .49.

17 .49 18,97 17.77
18.00 19,37 18,11
18.00 19.43 18.34
18.29 19.89 18.40
18,51 21.31 18.51 -
18.69 21.49 18.69
19.09 23.49 19.03
19.94 23,71 19.14
20.91  31.31 19,20
22.74 38,58 -19.54
123,14 20,11
24,46 20.29
21.09
21.83
22,63
23.43
23,49
24,06
25.37
25.43
25,71
26 .69

. 36,63
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APPENDIX F -

RIND MEASUREMENT DATA FOR SHOREL INES
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Table 11. Rind measurement data for Shorelines S1 through S5 at

Yellowstone Lake.
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Table 11. (continued).
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s1 S2 S3 S4 S5
4,17 5.49 8.80. 5.60 19.9%
4,23 5.49 9.20 5.89 19.94
4,29 5.49 9,94 . 6,34 20.23
4,34 5.54 10.11 6.57 20.46
4,34 5.60 11,37 6.63 20.69
4,46 5.71 11.43 6.97 20,80
4,46 5,71 11.89 7.03 21,14
4,63 5.83 12,57 7.09 21.31
4,69 5,83 12,97 7.54 21.54 -
4,91 5.94 13,49 7.77 21,77
4,91 5.94 13,60 8.17 21.89
4,91 5.94 14,17 ‘8,97 22.34
4,97 6.00 . 14,80 9,49 22,51
5.09 6.11 14,97 10.06 22.63
5.14 6.17. '15.54 10.17 22,63
5.14 6.17 15.60 10.80 24,00
5.20 6.29 15.60 11.03 25.14
5,31 6.34 15.66 11,31 25.43
5.31 6.46 15,71 11,31
5.37 6.46 15,71 12.23
5.49 6.86 15,77 13.43
5.83 - 7.03 15.89 13,71
6 .06 7.09 16,11 14,86
6.06 7.14 16.11 15.26
6.46 7.26 16 .46 15,37
6.69 7.49 16.51 16.00
6.69 - 8,51 16 .57 16.06
7.20 9.14 16.57 16.40
7.37 9,31 16 .57 16 .46
7.54 9,31 16.80 16.57
7.89 10,40 17.14 17.03
7.89 10,40 17 .43 17 .54
7.89 10,97 17.66  17.54
8.23 11.09 17.77 23,26
9.60 11,26 18,57
9.66 11.37 18.86
9.89 11.49 19.20
9.94  11.66 19.31
10,17 11.66 19.60
10.29 13.03 19.66
10.40 13.03 20.06
11.14° 13.14 20.74
11.37 13.49 21,14
11.89 14,17 21.60
12,34 15,43 23,77
12.46 16.46 26.51
12,80 16,46 29.60
13.94 16.80 30.34
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Table 11. (continued).

51 82 83 sk ..

©14,00- 16,91
14,51 '17.26 -
21,71 . 17,66 -
26.74 21,43
©. . 23,20
T 24,11 .
.. 30,06 -
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