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Abstract

DEGLACIATION EVENTS
IN PART OF THE
MANCHESTER SOUTH 7.5' QUADRANGLE
SOUTH-CENTRAL NEW HAMPSHIRE

by Byron Stone

The study-area lies in south-central New Hampshire, and
is bordered on the west by the Merrimack River, the principal
north-south drainage route of central New Hampshire.

The classical two tills of New England outcrop in the
area. In a unique exposure of the sandy upper till, a loose
ablation unit overlies a compact basal unit. Both upper till
facies overlie a sheared section of dense, olive-gray lower
till. :

Outwash sequences mapped in the study-area are progres-
sively younger to the north, indicating backwastage of the
Wisconsinan ice sheet.

Primary structures in proglacial Lake Merrimack sedi=
ments include contorted bedding, buckled laminae, and folds.

A large slumped section in lake sediments exhibits three distinct

deformation zones, characterized by bkrittle, ductile, and uncon-
solidated deformation. Cross-cutting relationships establish
four fold generations and a deformation sequence in the slumped
section. Slip in each fold generation was along nearly para-
llel slip-lines, as deduced from analyses of fold rotation
senses. ,

The primary and slump deformation features contrast
sharply with the intense style of deformation of lake beds
below till at an apparent ice readvance cut. The deduced drag
fold slip-line agrees with till fabric point maxima and dip-
slip on one group of thrust faults. A southerly movement of
readvancing ice is inferred.

The study-area was deglaciated about 13,000 years ago,
according to a proposed deglaciation model for New Hampshire.
The model is based on Nye's theoretical glacier surface gradient,
and evidence for active retreat of the Wisconsinan ice sheet.




PREFACE

In 1965, the New Hampshire Department of Economic
Resources and Development initiated the present surficial
mapping program, in cooperation with the U. S. Geological é
Survey. The program is designed to produce detailed sur- |
ficial maps of both 7.5' and 15' scale, which will supple-
ment the 1:250,000-scale state surficial map, published
by the Goldthwaits: in 1951. Mapped materialé include
glacial and postglacial sediments that blanket the meta-
morphic bedrock of the state. The first map constructed
in the program is the Milford 15' quadrangle, published in
1970 by Carl Koteff, U.é.G.S., field coordinator of the
program.

The author mapped much of the southeast portion
of the Manchester South 7.5' quadrangle, shown in plate 1,
during the summer of 1970, whén he was field assistant to
Mr. Koteff. Mr. Paul Banks ably assisted in the summer
field work. Messrs. Graham J. Larsen and Kevin Reddy
mapped deposits north of Litchfield Road and south of the s
Manchestér airport 1in 1969, Their field notes and maps
were of great help in the preparation of plate 1.

The author is indebted to Carl Koteff for his many
suggestions in map interpretation, field procedures, and dis-

cussions of the nature of deglaciation in New England.
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Many of the 1deas set forth in this report are the results
of informal discussions with Carl. Professor W. P. Wagner's

critical review of the manuscript and comments on geologic

interpretations are gratefully acknowledged. Professor
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R. S. Stanley encouraged the author's investigation of
slump and readvance”structures; and.critically read the
structural anaiyses presented in this report. Special =
thanks are due Mrs. Dena F. Dincauze, for her information |
on the Paleo-Indian site in Manchester, and Mr. Richard
Bond; for his core data of the Cohas Brook muck deposits.
Mr. L. R. Page, U.S.G.S., inspected the readvance site
with the author, and provided stimulating comments as to
the nature of deformation; Appreciation is extended to é
the men of the Grenier Field engineering and fire depart-
ment crews for their help in cleaning the readvance cut.

Mrs. L. R. Bushnell typed the final draft of this report.
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Chapter 1
INTRODUCTION

Location _

The Manchester South 7.5' quadrangle occupies
an area of 53.6 square miles in south-gentral New Hamp-
shire, as 1océted in inset A, plate 1. The quadrangle
lies between north latitudes 42°52!'30" and l+3°oo-60~, and
wést longitudes 7l°22'30' and 71°30'00". The 21.8 square
" miles described in this réport are located in the south-
east two-thirds of the quadrangle, shown in plate 1.
Interstate Route 93 bounds the study-area on the north,
and the Merrimack River borders the area on the west.
The study-area lies in Hillsborough and Rockingham counties.
Much of the area is situated in the town of Londonderry;
a southwest portion lies in Litchfield, and a northern
portion is within the corporate limits of the city of

Manchester.

Topography and Dyainage

The mapped portion of the Manchester South qua-
drangle is characterized by a hilly bedrock upland on the
east, and the wide, drift-filled Merrimack River valley




on the west. South-facing upland hillslopes exhibit

a vague northeast-trending topographic grain that para-
llels the strike of bedrock units, shown'in inset B of
plate 1. Prominent hills are streamlined in a south-
southeast direction. Many hills rise 200 to 300 feet
above the river floodplain. The highest point in the
area, over 520 feet elevation, is a hilltop one-tenth
mile south of the Litchfield Road on the eastern qua-
drangle boundary. The lowest\point, albng the Merrimack
River at the southern map bofder, falls below 100 feet
elevation.

The entire Manchester South quadrangle lies within
the Merrimack River drainage basin. Coiby Brook and Watts
Brook drain the southwest corner of the s tudy-area, while
Little Cohas Brook empties central upland runoff into the
Merrimack River southwest of the airport. Cohas Brook
meanders through a wide, swampy lowland'south of I-93 to

its entrance into Long Island Pond, artifically impounded

at Goff's Falls. Merrimack River level is locally controlled

by the Amoskeag Dam in north Manchester. Bedrock is exposed

in the river channel during low-stage fiow.

Purpose
Preliminary investigations and field mapping in

1969 revealed several exposures of contorted glacial lake

sediments in the Manchester South quadrangle. It was hoped
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that quantitative structural analyses of two of these ex-
posures might shed light on the mode of deformation of the
lacustrine deposits. Furthermore, by cbmparing the style
of deformation in slumped beds with that of an apparent ice
readvance section nearby, it was hoped that structural proof
could be added to the stratigraphic evidence of ice readvance.
~J. W, Goldthwait's classical mterpretation of
downwastage of a large stagnant ice sheet in New Hampshire
(1938, 1951) is antithetic to Jahns' (1941) concept of back-
wastage of a solid-ice front. Jahns showed how outwash de-
posits in northeast Massachusetts differed in age and could
be traced through a frontal zone of stagnant ice to the
solid-ice front (1953). Successive rgtreatal positions
of the ice front were deduced from the ice-contact heads
of outwash and associated outwash sequences. Koteff (1970)
mapped outwash sequences in the Milford, New Hampshire 15'
quadrangle, which borders the Manchester South quadrangle
on the Qest. Thus, it seemed that detailed surficial mapping
might feveal similar outwash sequences in the Manchester
South quadrangle. Coupled with precise data from the re-
advance cut, it was hoped that deposits in the present
study-area would shed further light on Jahns' concept and

the mode of deglaciation of southern New Hampshire.

Method of Investigation

Field mapping and structural analyses were completed

during the summer and fall‘of 1970. Map units shown in




plate 1 were identified in gravel pit exposures, hand
augur holes, and shovelholes which penetrated the soil
c-horizon. Contacts were walked out in the field; dashed
contacts in plate 1 were sketched from air pﬁotos.

Fold hinges in the slumped laké sediment exposure
were measured by orienting a wooden dowel parallel to the
hinge line and determining the direction.and amount of
plunge of the dowel with a Brdntbn compass. Locations
of measurements were plotted on ?élaroid photég of the
outcrop. The schematic diagram of the outcrop,‘figure 9,
page 33, was traced frdm an enlarged photo taken perpen-
dicular to the vertical pit face. |

Faults and folds were measured randomly in the
readvance section, though all large thrusts were specifically
included. Each measurement point was located by compass
bearing and tape distance from a reference point. Location
data were used to construct a schematic map of the outcrop,
figure 14, page 60. The direction and amount of plunge of
till pebble long axes in the readvance cut were determined
by the dowel-and-compass method. Each elongate pebble
encountered in the outcrop face was carefully excavated

and measured in an effort to reduce operator bias.

Previous Work

C. H,. Hitéhcock and Warren Upham discussed the

surficial deposits of the study-area in volume three of

\
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The Geology of New Hampshire (1878). Both were concerned
with the nature of deglaciation of the state, as well as

local stratigraphic details. Upham described glacial and
postglaclal processes active in the Merrimack River valley
(p. 68-103). In his classic study of New England élacial
lake varves, Ernst Antevs (1922) examined Merrimack valley
lake clays north of Manchester. Recent excavation has
revealed rhytﬁmically laminated clays and silts in the
study-area similarto Antevs' varves.

The Goldthwaits mépped the Quaternarj’deposits
of the Manchester South quadrangle. Their state surficial
geologic map (1951) shows extensive stratified sand and
silt outwash overlying lake sediments on both sides of
the Merrimack River valley. The Goldthwaits make note
of an ice-dammed proglacial lake in the Merrimack valley,
though it is unclear where they mapped lake deposits in
the present study-—area.l The U.S.D.A. Soil Conservation
Service (1953) has published a detailed map of the surficilal

deposits and soils of Hillsborough county.

lFor several decades, workers have informally re-
ferred to the proglacial lake in the Merrimack valley as
Lake Merrimack. Koteff (1970) formally cited glacial Lake
Merrimack. The lake extended from Nashua, New Hampshire
(inset A, plate 1) to above Franklin, New Hampshire. he
nature of the Lake Merrimack drift dam at Newburyport is
presently unclear (Koteff, 1971, persocnal communication).




§édrock Geology

The bedrock geology of the Manchester 15' qua-
drangle is presented in a New Hampshire Departmeﬁt of Re-
sources and Economic Development bulletin by Aluru Srira-
madas (1966). Inset B of plate 1 is a bedrock map 6f
the present study-area drawn from Sriramadas' map. Al-
though bedrock outcrops are small and widely scattered,
Sriramadas was able to differentiate five map units. The
Massabesic gneiss, late Devonian (?) coarse, foliated,
quartzose gneiss underlies Quaternary deposits in the
northern half of the study-area. . The upper member of the
Silurian (?) Berwick Formation, a coarse, quartzose gray

schist, is predominant in the southerh portion of the area.

A small outcrop of gray schist of the lower Devonian Little-

ton Formation lies near the southyest corner of the map,
and a small folded band of binary granite is situéted

in the southeast corner. Only fwo sizable outcrops of

a coarge microcline-albite pegmatite are shown on Srira-
madas' map. The binary granite underlies the highest point
in the study-area, indicating greater resistance to Plels-
tocene ice erosion than the other units. Regional strike

of bedrock units is NWOCE.

Accessability and Culture

Interstate 93 links Manchester, New Hampshire's

largest city, with Concord to the north, and Boston, 38

o




, 7
miles south. Two -interchanges to I-93 are located in

the study-area one mile north of the airport. Three
primary roads, State Route 3-A, High Range Road, and.
Mammoth Road pfovide north-south access through the
study-area. Litchfield and Perimeter Roads are the two
principal east-west avenues. The Boston and Maine rail-
road maintains two north-south freight lines in the map
area. The Manchester airporf is adjacent to inactivated'
portions‘of Grenier Field, a U. S. Airforce base just
south of the runway complex. |
The culture of the area is characteristic of
creeping suburbia. Housing developments are expanding

along Route 3-A near the airport and the Litchfield Road.

Most inhabitants of the area work in the industrial centers

in and around Manchester. Agricultural activity is limited
to small fields, orchards, and private gardens. Uplands
away from populated areas are covered with dense second-

growth vegetation and swamps.

Significant Surficial Exposures

Active pit operations during the 1970 mapping season
“revealed several fresh exposures of surficial deposits

along Route 3-A. Terrace sands truncate delta foreset beds
at two elevations in a pit .2 mile from the southern map
border, locality 1 in plate 1. The delta sediments make

up the bulk of the elliptical hill encircled by lower

A}
\




terrace deposits, easily seen in plate 1. This pit
is hereafter referred to as the delta remnant pit. Ice-~

contact sandy gravel is exposed in a small pit L mile

west of the Rockingham-Hillsborough county line, .45 mile

north of the map border.. This exposure is designated the
Litthield powerline pit, locality 2. Folded and faulted
lake sediments crop 6u£:in an abandoned pit .45 mile south-
southeast of the mouth of Little Cohas Brook. The struc-
tures in this slump pit, locality 3, are fully described
in chapter 4. Primary deformation of lake beds is apparent
in another abandoned pit .1 mile north of the slump pit.
This exposure is termed the back-road pit, locality 4.
Five-tenths mile - east of the back-road pit, on the north
side of Perimeter Road, till overlies distorted lake beds
in an apparent ice readvance cut, locality 5. Structures
in the disturbed sediments are described in chapter 5.

‘ Two upland till quarries show significant features
of till stratigraphy. Loose ablation till overlies compact
basal till in a small pit north of Hall Road, .1 mile south
of the_Boston and Maine railroad line in North Londonderry,
locality 6. These same till facies are bared in a large
cut on Mammoth Road just north of the Hillsborough-Rocking-
ham county line. Underlying the two till facies in the
Mammoth Road pit is a dense olive-gray lower till. This

exposure is referred to as the two-till cut, locality 7.

B e




Chapter 2
QUATERNARY DEPCSITS

Quatérnéry deposits in the study-area consist
of materials deposited by.glacial ice or meltwater,
and postglaciai sediments laid down by water and wind.
Proglacial lake sedimenté, though chronologically part
of the glacial~stage, are here considered non:glacial.
Quaternary deposits are described below, generally from é;

oldest to youngest.

‘Glacial Deposits

Lower Till. The lower till is a yellowish-brown
(10YR %-5/2-3, color code based on Munsell Soil Color
Cha;ts for naturally moist samplé;) to olive-brown (2.5Y
4-5/3-5) to olive-gray (5Y %-5/2-3), hard, poorly sorted ;
mixture of clay silt, sand, pebbles, cobbles, and few .
boulders. It commonly contains up to 407 silt and clay
(Koteff, 1970, personal communication). A sub-horizontal

joint system generélly splits the till into thin platy

slabs. A less weli-dpveloped sub-vertical joint set,

often heavily iron-stained, is also common. Pebbles are
generally rotted and friable. The brownish color is
generally interpreted to be the product of extensive

weathering. The lower till probably represents a pre-

\
Ay
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Wisconsinan iée advance in New England (Pessl and Schafer,
1968; Schafer and Haftshorn, 1965), though it has been
argued that the lower till is the compact basal till of the
last ice sheet (Upham, 1878). The lower till has been
described elsewhere in New Hampshire by Upham and Hitch-
cock (1878), the Goldthwaits. (1951), Denny (1958),
Koteff (1970),_and'Pesslland Koteff (1970).

Two eiposures of the lower till outcrop near the
top of the northwest-soﬁtheast trending hiil north of I-93,
“Just east of Wilson Rogd. Only a few feet of till are ex-
posed in the abandoned pits. A ten-foot section of lower
till is exposed in the two-till cut on Mammoth Road,
~shown in figure la. Blocks of unoxidized dark-gray (5Y
3.5-5/1) till have locally been sheared upwards into the
olivekzone, presumably by the advance of the last ice
sheet (Koteff, 1971, personal communication). Both joint
sets are distinct below the shear zones. .The lower till
is truncated sharply by overlying upper till.

Upper Till. The upper #11 is light-to-dark-gray
(5Y 517/1), poorly compacted, and distinctly sandy. It
contains more boulders and a smaller silt and clay fraction
than the lower till. Jointing is absent. Postglacial
weathefing has lightly oxidized the upper three feet of till
to a yellowish, or rusty color. The upper till forms an
uneven, ubiquitous blanket over the bedrock uplands. The

upper till in New Hampshire is described by the workers

listed above.

\
by
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Two uﬁber till facles are recognized in the study- ;
area. In the Hall Road pit, locality 6, a loose, porous §; 3
upper facies rests on top of a mare compact, crumbly lower ?
zone. wa-angle sheaf planes are present in the lower mem- i;

ber just below the contact. The same . two facles are exposed

in the two-till cut, shown in figure la, b, where each zone .

1s locally ten feet thick. A representative section measured: ;‘ i

— eolian (?) sand, 3 feet
sand lens 2 feet , !
gravel lens 3 feet| lateral 10 feet homo-
sand lens, 1 foot) gradation |geneous, un- , ‘
basal upper till 8 feet — | sorted upper B :

lower till . 10 feet facies of
' , : upper till

The upper facies i1s characterized by lenses of stfatified |

~sands and gravels which grade laterally into unsorted patches
of till, probably flowtill (Hartshorn, 1958). Many of the
water-laid lenses may be traced up to 100 feet in the upper

facies. Note the difference in texture, and the sharp contact
between the two upper till facies in figure 1b. The lower

facies is interpreted to be a lodgemenf till, whereas the

M‘..._...}.‘w.,.,w
- W F L

upper unit is ablation till melted from the receding Wis-
consinan ice sheet.

The two-till cut may be unique in New England in § ;'
that it bares thick, undisturbed sections of both upper 2
till fécies. Further, the upper till overlies a sizable

exposure of sheared lower till.

Ice-Contact Stratified Drift. A six-foot section

of ice-contact stratified drift is exposed under the Litch-

field powerline at locality 2. Interbedded, stratified
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gravel and sand lenses, up to two feet'thick, are slumped
internally as well as near presumed ice-contact hillslopes.
Cobble-size gravel in a sandy matrix is the predominant
texture, though boulders o§er one foot in diameter are
present. Coarse-to-fine sand units are common. Lenses
of diverse grain size cross-éit and truncaté other lenses,
and nearly all bedding is distorted. Melting of ice blocks
 within the deposit, in addition to wasting of the confining
ice wall, déformed the bedding. Similar ice-contact gravels
-and sands are exposed in-a kame pit just north of the Kim-
ball Road gblf course, one mile east of the Rockimgham-
Hillsborough county line, .7 mile south of Litchfield
Road.

Outwash Deposits. Cobble gravel grades laterally

——

into coarse-to-fine sands in an outwash sequence that heads
at the Kimball Road golf course, .8 mile from the southern
map border. Pebbly,‘coarse*éand lies in undisturbed flu-
vial cross-beds in a pit .5 mile south of the golf course.
Coarse-to-medium sands of 2 small outwashn sequence surround
the kame just north of the golf course. Outwash cobble
gravel is exposed in large pits under the Litchfield power-

line locality 2. Outwash deposits in the study-area are

probably less than 30 feet thick.
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Non-glacial Deposits

Glaclal Lake Merrimack Deposits. Offshore pro-

glacial lake sediments are rhythmically laminated fine
sands, silts, and clays. Laminations rarely exceed 1.5
cm in fhickness; most are .5 to 1.0 cm thick. White,
unoxidized fine sand grades upward into silt and clay,
dark olive-gray (5Y 3-4/2) to dark grayish-brown (10Y
3/1-2); Folded and faulted laminate are shown in‘figures
13a and 13b, page 57. Rounded, ice-rafted pebbles are
common in all exposures. Ernst Antevs (1922) assumed

an annﬁal cycle of deposition of each graded lamination,
or varve. Sand was laid dowh in summer months when active
streams carried material into the lake. Winter ice cover
allowed silts and clays to settle out on the lake bottom.
Antevs.included several Lake Merrimack sections around
Concord, New Hampshire in his investigation. Graded, off-
shore deposits exposed in the Merrimack valley in the
present‘study-area are similar to Antevs! varves, and may
represent a yearly deposition cycle. Primary folds and
bedding convolutioné, shown in figure 19, page 63, in-
dicate instability of the clay-rich beds, as discussed
briefly by Antevs (1922, pp. 72-73). Large-scale primary
deformation of off-shore sediments is discussed in chapter

k.

Delta foreset beds overlying offshore laminae are

T il . R | Bl il L abas W . s Rl S A e T T TR
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composed of sorted, medium-to-coarse sand. Foreset beds
dip between 22° and 30°; direction of dip is generally
toward the center of the valley. Delta sands are over

50 feet thick in pit exposures along Route 3-A. Delta
foresets in the map-area are truncated by stream terrace
deposits, so no topset beds are exposed. Topséts in the
western third of the Manchester South quadrangle are pebbly,
coarse sand, resembling outwash deposits. ' |

Stream Terrace Devnosits. Stream terrace fluvial

sediments vary from sandy gravel to moderately-sorted

fine sand. Terrace deposits are up to 15 feet thick in

the delta remnant pit, locality 1, but they are nearly
absent from the terrace surface aboﬁe the slump pit section,
shown in figure 4, page 30. Terrace fluvial cross-beds
dip downvalley. Finer terrace sands may be confused with
eolian sand in augur'holes. Terrace sands are generally
oxidized to a pinkish or red hue, while the eolian sands
are characteristically pale.yellow.

Cohas Brook Organic Sediments. Mr. Richard Bond,

U.S.D.A. Soil Conservation Service, Milford, New Hampshire,
cored swamp deposits in the Cohas Brook basin in 1969.

The deposits are apparently organic muck mixed with silt
and fine sand. No true peat was found. Depfh of muck

is over 30 feef in the northeast-central portion of the

swamp (Bond, 1971, written communication). Core depths

]
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to refusal indicate an abrupt deepening of the basin
200 feet north of the southern swamp boundary under _fL%j
thé powerline reentrant. Moreover, muck depth suddenly
increases near the nértheast Mammoth Road swamp contact.
It 1s assuﬁed that the muck lies in.a deep depression
outlined by a steep scarp that roughly parallels the
entire swamp border, shown in plate 1.

Eolian Devosits. Wind-blown sand is very. well-

sorted, fine-to-medium sand that commonly contains mica
flecs up to 2 mm diameter, ' The sand is characteristically

pale yellow, and maintains the same grain size in deep

e 3 O B AR i o i

augur holes. Where eolian sand is over five feet thick,
it is shown as dune sand in plate 1. Dune topography is

discussed in the following chapter

Recent Alluvium. Recent Merrimack River flood-

L e M b 5

plain deposits are generally finer gréined than older I
stream terrace fluvial sediments. Modern floodplain |
alluviuﬁ is mostly white, unoxidized silt and fine sand. é P
Abandoned channel deposits are undifferentiated in pléte 1. ?
Narrow tributary stream alluvium, shown in plate 1, is |
generally medium-to-coarse sand where streams cut through
the delta and terrace sands. Cobbles and boulders appear

along segments of streams in upland till areas.

Ve




Chapter 3
DISTRIBUTION OF QUATERNARY DEPOSITS .

The distribution of glacial drift in the study-
area, as mappéd in plate 1, is related to the mode of de-
glaciation of the region. Theories of the nature of re-
cession of the last ice sheet are discussed below. Map
patterns of glacial deposits are intergreted in light of
Jahn's sequence concépt, the most recent hypothesis of

deglaciation.

Theories of Deglaciation

'Uphaﬁ (in Hitchecock, 1878) pilctured a downward
melting ice sheet -- the surface of the ice remaining
generally parallel to the underlying topography. Sedi-
ment-laden ﬁeltwatefs flowed thfough channels in the
ice to proglacial channels of deposition. J. W. Gold-
thwait - (1938, 1951) favored downwasting of a large
stagnant ice sheet. Superglacial streams carved channels
at random elevations around emerging topographic highs, or
nunataks. Glacial debris accumulated in the valleys around
the decaying ice masses. Richard Jahns (1953) agreed with
Goldthwait's early nunatak stage and initial downwastage.
In contrast to earlier workers, however, Jahns showed how
outwash deposits are related to underlying topography and

an orderly, northward recession of an irregular solid-ice

A%
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margin. ‘ ' i 18

In mapping glacial deposits in nearby northeast | [
Massachusetts, Jahns (1941, 1953) subdivided outwash de- |
posits into chronologic groups which hé terﬁed "sequences."
Specifically, "deposits laid down by meltwaters that followed
a specific outflow route constitute a single outwash sequence”
(1953). Each sequence headed against the waning-terminus of
the Laurentide 1lce sheet. Meltwaters flowed in till or

bedrock-floored channels around large stagnant ice blocks S

" in front of the ice margin. Outwash streams were graded ' g

to a constant base level controlled by a bedrock threshold ;
or glacial lake water plane. When further backwasting

of the ice sheet uncovered lower outlets, meltwaters coursed
along new sequence routes, or carved lower sequence levels ?

in previous outwash deposits. According to Jahns (1953), K

D L= s AR e TR = SV~ Py ge k
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sequence deposits grade laterally in the down-stream direction,

from ice-contact eskers and kames, to kame terraces, cre-

g
vasse fillings, and ice-contact plains, to outwash plains. f %
Thus, each sequence may be traced upstream, through an ice ;? E
block collapse zone, to its head at the solid-ice margin. {;
Successive retréatél positions of the ice margin are marked
by younger sequence heads. It should be noted that sequences
representing retreatal positions in the region are determined _V
by localltopography and rate of backwastage, and do not
represent climatically-controlled standstills (Koteff, 1970).

Outwash sequences in the study-area are similar to those

described by Jahns, and mapped by Koteff (1970) in the Mil-
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ford, New Hampshire, quadrangle to the west. It seems
that the outwash sequence theory of deglaciation is
applicable to the mapped portion of the Manchester South

quadrangle.

Map Distribution of Quaternary Deposits

Glacial Deposits. = The lower till, up to 100 feet

thick, commonlylmakeé up the bulk of drumlins in areas to
the west and south (Koteff, 1970). No morphologically dis-
tinct drumlins are present in the study-area. Thi;k lover
' till accumulations afe probably limited ﬁo the flanks of
bedrock hills, as at the two-till cut on Mammoth Road,
locality 7. If a pre-Wisconsinan ice sheet emplaced the
lower till veneer, thick sections of the till survived
subsequent Wiséonsinan ice erosion in the lee of bedrock
highs. Lodgement upper till further cushioned thegiower
till from Wisconsinan ice scour.

- In contrast to the pgtchy distribution of the lower
till, upper till forms a ubiquitous, uneven cover over
the uplands. Excavation at the athletic field near the
eastern\perimeter of the Manchester airport snowed upper
till»beiow outwash depésits mapped in plate 1. It is
assumed that upper till similarly underlies many other
Wisconsinan glacial and postglacial deposits in the area.
Well-weathered bedrock outcrops, lacking striae or grooves,

indicate a long period of postglacial subaerial weathering.
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The upper till cover over these outcrops was prbbably
very thin or totally absent. Fresh, well-polished
bedrock surfaces show striae and grooves vhere recent
construction has removed the till cover.

Ice~contact deposits are conspicuously scanty

in the map-area. A distinct topographic.bench exists
within the gravel body under the Litchfield powerline, at
locality 2. The small body of gravel lying above the
bench is probably a kame deposit, representing initial
ice~contact deposition in stagnant ice. Gravel below
the bench is the ice-contact head oann outwasn sequence,

discussed below. Lake sands abutting the bedrock hills

southwest of Crystal Lake to Mammoth Road may be in part
ice-contact. Meltwaters, damned by ice in the Cohas

Brook basin, flowed west over the spillways at the air-

port athletic field, shown by the meltwater channel

arrows in plate 1. The sand accumulated along the front

of the ice, but further ice withdrawal removed the sedi- f

ment source and opened more northerly drainage routes. %
Outwash gravels at the Kimball Road golf course ;

grade down-sequence into coarse sands before disappear- *

ing under the swamp near the base of the map. Gravel in "

the Litchfield powerline outwash sequence, locality 2, ex-

tends south to the map border. The gravel is graded to a

245 foot level controlled by a threshold in the swamp in the f

adjacent Nashua North quadrangle. 4An ice m2ss, one mile

\
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wide west of the Litchfield powerline sequence, channeled
meltwater flow south along the valley wall to the threshold.
Subsequent stream terrace erosion of the west flank of the
sequence has eraced evidence of possible lower thresholds
in the iée wall. The confining ice may have beén part

of a stagnant ice zone, or the edge of a-tongue of the
solid-ice front that lay in the Merrimack valley. Out-
wash sedimeﬁts floor two spillways at the northeast corner
of the éirport. A third outflow route, now deeply incised
by Cohas Brook, is apparently coincident with an antecedent
bedrock low. Future work north of I-93 may reveal extensive
outwash deposits in the deeply carved meltﬁater channels

indicated in plate 1.

Non-glacial Devosits. Non-collapsed Lake Merri-
mack delta topset-foreset contacts are expésed in pits
west of the Merrimack River in th; Manchester South qua-
drangle. These contacts represent the elevation of the lake
water piané at the respective pit locales. 8Six elevations
of the water plane, leveled from nearby bench marks, appear
at their proper latitudes along the western border of the
map-area in plate 1. Postglacial isostatic rebound has
tilted the lake water plane upward to the north at a rate
of %.2 feet per mile in the Manchester South'quadrangle.

Delta sands in the study-area are graded to elevations

from about 220 feet at the base of the map, to over 240

feet just south of I-93. Lake sands occupy tributary

AY
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arms of the lake north of the Kimball Road golf course,
and in the Cohas Brook basin. The lake water plane was
the base level for the small outwash sequence just north
of ﬁhe Kimball Road golf course, and the spillways at the
airport athletic field. Offshore lake sediments are ex-
posed under delta sands in pits east of Route3-A. A |
small outcrop of offshore lake clays and silts is ex-
posed along the Merrimack River bank at the base of the
map. ' | | |

Rivér downcutting and lateral erosion'subsequent
to draihing of the lake produced a nearly continuous belt
of terrace sands and gravels along the east side of the
Merrimack River valley. Separate terrace lévels are shown
by solid contacts within the light-green map-area'in plate
l. Some terrabe levels are leés than tenwfeet apart ver-
tically, though ten-foot contour lines generally follow
terrace scarps, as along Route 3-A, one mile north of the
southern map border. The highest terrace extends from
the southern map border to I-93. The terrace trace near
the airport is approximate, due to runway construction.
Smaller, lower terraces are especially well developed
near the Litchfield powerline. The highest terrace, and
a few lower surfaces, have paired equivalents west of the
river. Correlation is impossible, though, where terrace
remnants are separated laterally over long distances. Only

the highest terrace is extensive enough for an accurate
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gradient determination, about 4.0 feet per mile.

An eolian mantle of fine sand and silt covers

neeriy all Quaternary deposits in the map~area. In the

uplands, the wind-blown cover is generally less than one
foot thick. Where eolian sand is at least five feet 3 ;
thick, it is shown as dune sand in plate 1. A presently T ‘
active dune field, stippled in plate 1, lies under the 3
powerline east of Route 3-A, north of Watts Brook. Relict
dunes in the cleared fields juet south of the Litchfield

powerline aﬁpear as low, rounded east-vest trehding lobes.
SimilefAfounded, hummocky dune topography overlies lake

sediments south of the delta remnant pit. Vegetated dunes
west of the High Range Road, .5 mile north of Litchfield

Road have east-facing slip faces ahd horns pointing to the

west. The 230-foot contour outlines one of these dunes
.9 mile north of the Litchfield Road. The 320-foot hill
just northjof_the Litchfield powerline gravels is capped
with over ten feet of eolian sand. The closed depression
on the north-east flank of the hill is a large blowout.
The blowout floor is not swampy, as are nearby till-bounded
basins. Apparently the well-sorted eolian sand drains
all surface runoff from the blowout floor. Vegetated dune
deposits extend north of Litchfield Road under a new
housing development.

The terrace deposit-alluvium contact along the

Merrimack River delimits the modern river floodplain. The

\
%




2k

line is the high water mark of the March 1936 flood, the
highest flood recorded in historic fimés (Green 1964,
pp.’ll2-ll3). The flobdplain abuts a terrace scarp or

lake sediment wall along the entire map-area of the river.
Tributary streams are deeply incised into delta and terrace

sands, and have narrow floodplains.



Chapter k
SLUMP PIT.STRUCTURES

Offshore Lake sediments are exposed in the slump
pit, locality 3, plate 1, .45 mile south-southwest of the
mouth of Little Cohas Brook. The sediments are displaced
along reverse faults and graben near the southgrn end of
the pit. Interbedded sand and silt peds are folded and
faulted in a slumped sectioh at the north end of the pit.
Undistorted lake beds overlie both disturbed sections,
indicating that deformation occurred subaqueously shortly
after deposition of the deformed sediments. The reverse
faults and graben_displace delta sands that overlie the
slump section, and are, therefore, younger than the slump

structures,

Graben

Graben and high-angle reverse faults are developed
in compact, thinly bedded, fine-to-medium sands and silts
at the base of the exposure, shown in figure 2a. High-
angle normal and reverse fault planes are distinct, and
fault traces in the pit wall are generally sfraight. A
few faults thaf are continuous into upper deltaic sands
are curviplanar. Most fault traces are less than five

feet long. Marker beds of highly oxidized sand clearly

\ .
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" show the amount of apparent slip on the fault planes.

Apparent dip-slips are generally less than six inches,
though a displaceﬁent of 11.9 inches was measured on
one fault plane. A cunulative downard displacement of
62.5 inches to the northwest was measured on 18 faults
along a ls_foot-wide exposures.

A conjugate set of normal faults bounding a gra-
ben 1s shown on a lower-nemisphere, equal-area stereo-
gram in figure 2b. The fault planes strike northwest-
southeast. The two planes are separated by an angle of
46° in a plane, the deformation plane, that is normal to
the line of intersection of the fault planes. The line of
intersection of the faults is‘the intermediate stress axis,
0,. The bisector of the acute arc between the planes is
the axis of maximum compressiﬁe stress,'ol. The least com-
pressive stress axis, 035 lies in the deformation plane,
90° from oy. (Billings, 195%, pp. 95-100, 164-168; Ragan,
1968, pp. 106-112). '

Figure 3 shows the angular relationships between
07 5 03; observed fault planes, and planes of maximumn re-
solved shear stress in the deformation (o3- o3) plane. The
acute angle (46°) separating the two fault planes is 26
(Hubbert, 1951, p. 364). ¢/2 (22°) is one-half the angle
of internal friction (44°) of the faulted material. ¢/2
is the angular difference between planes of maximun re-

solved shear stress, located 45° from oj, and the observed















Unit
Number

Descriptipn

Light-gray silt containing about

20% clay. Rhythmical laminations

are 1/8-inch thick. Sand lenses

are highly oxidized and up to ten
inches thick. An eight-inch lami-
nated silt unit, 15 inches from the
base of the unit, shows highly con-
torted laminae in primary load folds.
The contorted silt unit can be traced
30 feet laterally. The entire eight-
foot unit is cut by subvertical
joints.

Light-brown, poorly sorted, medium
sand in a silty matrix. Pebbles

1l cm long are common; largest pebbles
are 2 cm long. Layers of underlying
laminated silt unit are subhorizontal
and are up to five feet long and six
inches thick. Orange oxidation stain
extends 4-inch into silt units. Heav
accumulation of black iron stain alon
all sand-silt contacts. No bedding
or joints are present.

Light-gray, finely laminated silt.

Poorly sorted sand with silt-bed
fragments, similar to unit 2. Nine-
foot long unit is lens-shaped.

Light-gray, finely laminated silt.
Unit contains oxidized and unoxidized
sand laminae up to 4-inch thick.

Fine-to-coarse, poorly sorted sand.
g?it is highly oxidized dark-brown to
ack.

Light-gray, finely laminated silt.
Fine-to-medium unoxidized sand lami-
nae are 1/8-inch thick. A #4-inch
oxidation band lies along upper and
lower contacts.
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Undisturbed
Thickness

81

1t
y
g
3 . 5"
10M
3||
. 5"
3"
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8 Bright orange, fine-to-coarse 75"
sand. Unit thickens to ten '
inches in section C-3. Iron-
stained zone is 1.5 inches
thick along top contact.

9 Light-gray laminated silt. Unit 2w -
is folded into overlying sand. ' |
Oxidation band at top contact is
4-inch thick.

10 Dark-orange-to-black, poorly in
A sorted sand. Silty matrix contains

about 10% granules. Unit is well-

cemented by iron-stain. Unit is

relatively unoxidized to the right

of the fold limb in section E-3. .

11 Three gray silt beds, #-inc¢h thick, Lu
in highly oxidized sand. Sand is
poorly sorted. §Silt units show some
local thickening in section E-3. |
Unit relatively unoxidized to the iy
right of section E-3. ~ I

12 Lightly oxidized, poorly sorted sand. 1.5
13 Two light-gray silt beds, #-inch thick, 2" g
in lightly oxidized, poorly sorted |
sand. '
1k Gray, lightly oxidized sand. o %

15 ~ Gray silt laminae in lightly "
oxidized sand.

16 '~ Gray,lightly oxidized sand. 6" i
17 Gray silt bed. oM
18 Gray, lightly oxidized sand. 3.5"

Deformation Zones. Three stylistically distinct i

deformation zones are recognized in figure 5. Units in
the zones responded to lateral compression during slump
movement by‘differedt modes of deforﬁation. The sand and

thin silt layers below unit 10 were shortened principally :
\ _ s
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by brittle failure in low-angle thrusts. Units 10 through

5 were compressed chiefly through flexural-flow folding A
and flowage in the less-viscous sand layers. Unconsolidated

flowage in unit 5 took place at the sediment-water inter-

face subsequent to. the slump movement below unit 5. Follow- -

ing a brief sedimentation interval, material in unit 2

flowed at the sediment-water fringe. Flowage in units 4

and 2 acted to fill the slumped lake-bottom concavity above

unit 5. The three deformation zones are hereafter referred

to as the brittle, folded, and flowage zones, respectively.

Nature of Deformation. Silt beds in the brittle

zone maintain a continuous thickness across the entire ex-
posuré. More ductile interbedded sands also retain their
pre-deformation thickness. A measured shortening of L4%
in units 15, 13 and 11, though a minimum, is seemingly a
close estimate of total shortening in the slumped section.
Where competent silts are buckied, however, chevron folds
are preaominant. Chevron folds are well preserved in
sections G-4%, and H-4. Silt layers exhibit curved hinges
either along, or just above their intersections with thrust
fault planes, as in sections D-5 and D-6. The silt is
usually smeared down the short fold limb, along the fault
plane. At least 44% shortening was accomplished in the
brittle zone by faulting along initially developed snort
fold limbs.

Units in the folded zone show a progressive lessen-

AN
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ing of apparent shortening upward through unit 5. Sand
unit 10 exhibits a shortening of 37%; overlying silt
unit 9 has been compressed 33%., Heavily oxidized and iron-

TN, T ot Tpp—;

o

cemented sand unit 8 has been shortened only 31%, but
thickens from .75-inch to ten inches in sections C-3 and
C-4. This unit shows podrly preserved bedding which has
been folded ﬁarallel to the unit boundaries. All traces
of bedding are lost in the center of the sand layer in '
sections B-3 and C-3, where displacement was greate;t. A
1/8-inch unoxidized sand layer in silt unit 7 can be traced
parallel to the distinctive, slightly thicker oxidized
sand layer 6 in figure 6, ﬁage 39. Both sands were de-
formed similarly, though bed thickness and viscosity
differences caused minor variation in resultant fold geo-
metry. Sand layer 6 is apparently shortened only 247, but
thickening is pronounced in sections B-3, C-3, and D-3.
Folded zone units took up compressive stress by internal
ductile flow. Unconsolidated beds near the top of the
zone thickened the most (and show the least amount of
apparent shortening) because cohesive strength was low.
Units at the base of the zone retained some competency
due to the confining lithostatic pressure. Apparent
shortening near the base of the folded zone (37%) app-
roaches the shortening value for the underlying brittle
zone (L443%).

Internal structures in both flowage zones consist

\
1
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only of subhorizontal bedding, parallel to the lower con-
tacts, near the bases of the zones. 8Silt-bed fragments,
incorporated in the highly contorted silty sand matrix,

are balled-up and buckled. 8Silt-bed stringers are shown
in sections B-3, C-3, B-2, and D-2. §Slip-line orientations
deduced from these folded silt-bed fragments, discussed in
a following section, show that slip in the flowage zone

was controlled by the shape of the sluéEUAepression above
unit 5. Unit 4 flow occurred at the sediment-water inter-
face after slump movement below unit 5. Even after a normal
sedimentation interval, represented by unit 3 which dips

a maximum of 2° in the preéent outcrop, the lake botton
gradient around the slump concavity was large enough to
promote flow of unit 2.

Sands in the brittle zone, though similar to over-
lying sands in the folded zone, behaved in a brittle fashion
when they faulted in response to lateral compression. Sands
above Qilt unit 11 are highly oxidized, whereas sand units
below silt unit 11 are relatively unoxidized. The silt
unit has apparently acted as a seal to groundwater move-
ment through the slumped section in postglacial times.

It is proposed that this same process occurred subagueously
at the time of deformation. Pore water was trapped below
silt unit 11 during deposition of units 10-5. Hydrostatic

pore-water pressure increased in the lover sands, due to
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the added lithostatic pressure. Hubbert and Rubey (1959,
pp. 132-134) showed that increased internal pore pressure .
reduces the normal stress acting across planes of potential
shear. J. Handin, g&. al. (1963) emphasized that pore
pressure reduces the values of the normal stresses by equal
increments, without affecting the angle of internal friction
¢, Handin's experimental results showed increased pore
pressure diminishes the strength and ductility of the porous
material, The increase in pore pressure in the sands of
the brittle zone may have approached the lithostatic pressure
acting on the sands. Thus, the normal stress acting on
the plane of slip was reduced to a very low value, and fail-
ure occurred. Furthermore, it is suggested that pore
pressure in the lower sands remained abnormally high during
slump movement. The high pore pressure helped the sand
units bouy up the thrusted sections.

Folded-zone sand units 8 and 10 lay under about
7.5 inéhes and ten inches of sediment, respectively, at the
time of deformation. Compaction so near the sediment-water
interface was low, and sand unit flowage occurred along
fault planes. The resulting structures in sections B-3,
B-4, D-3, D-4, and E-3 appear falsely as folds with splayed
hinge zones. Internal flow and fattening also acted along
silt unit 9 in section C-4. The contact of sand unit 8
with sandwiching silts"7 and 9 displays a corrugated sur-

face, indicative of contacts between materials of relatively

ot e mmn W
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high ductility contrasts (Ramsay, 1967, p. 382). Con-
tacts in the brittle zoﬁe, by comparison, are curviplanar
and are not corrugated. Increased pore-water pressure in
the brittle zone reduced ductility of the porous sand units.

Fold Generations and Deformation Seguence. Two

generations of folds show opposite rotation shear senses
and exhibit a cross-cutting relationship in the brittle
and folded zones. Large and small-scale folds, appearing
with a counterclockwise rotation sense in figure 5, are
the oldest slump structures in the outcrop. These are de-
signated first order, fi, folds. Low-angle thrusts in
the brittle zone are also products of a counterclockwise
shear couple. The fault planes are parallel to fj fold
axes, and are of the same deformation age. The thrusts
are designated F; faults. Fy moveﬁ;nt developed in res-
ponse to lateral compression that displaced upper layers
to the left (northwest) over lower layers.

A clockwise sense of rotation is obvious in small
folds in éections B-3, C-3, and E-3, and in figure 6, an
enlarged portion of section C-3, C-4, D-3 and D-4 of figure
5. 8lipline analysis, discussed in the following section,
illustrates that f, movement was parallel to f; movement,
but in the opposite direction. Fold generationsf3 and 1),
are assigned to the contorted silt-bed fragments in flowage

units 4 and 2, respectively. F3 movement followed fj and
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Figure 6

Cross-cutting relationships of f; and f, folds. Older,
counterclockwise fj fold limbs afid axial planes (dashed
lines) are cut by clockwise fo folds. Note small counter-
clockwise f5, fold in center of diagram. Diagram is en-
larged from sections C-3, C-4, D-3, and D-Lk of figure 9,

page 33.
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f2 slumping, and f% flowage occurred after emplacement of

the £ flowage unit.
| Slip-line Analysis. The fold slip-line 1s the

direction of movement of one'layer or body of material
past another (Hansen, 1965, p. 392). In asymetrical folds,
such as the folds in the slump outcrop, it is the direction
of maximum movement or translation of the long fold limb
over the short fold limb. Hansen (Hansen et. al., 1961)
discovered in folds in glacial sediments, and ;n a tundra
landslide (1965) that the slip-line is contained in the
separation aré, the arc defined by the angle which separates
grodps of fold axes with different rotational senses.
Hansen (1965, p. 392) showed that the slip- line coincided
with the bisector of the separation arc. In the present
study, this bisector is assumed to parallel the slip di-
rection. This assumption is more valid in cases with
small separation arcs than larger ones. Scott (1969)
analyzed experimentally produced drag folds and proved

an earlier assumption (Hansen, 1965) that fold axial
planes share a common zone axis. The pole to the slip
plane and the axial plane zone axis @efine the deformation
plane for the total fold fabric. The line of intersection
of the slip plane and the deformation plane is the slip-
line, shown in figure 7. 1In Hansen's and Scott's work,

it was shown that 0>, the intermediate principal stress

is perpendicular to the slip direction and parallel to

\
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the slip surface. o) and o3, the maximum and minimum

41

principal stresses, respectively, are oriented in the

deformation plane. oy is inclined from the slip-line
by an angle 6, shown in figufe 7. 0’l and 03 may rotate
about o, during deformation, but such rotation does not

alter the orientation of the deduced slip—liﬁe (Hansen,
1965, pp. 39%-3995).

\\\\\\\\ S ;::;i:ig;:fﬁﬂ'oj
\ o
: e
slip plane

Figure 7.

Geometry of slip-line analysis. Curved fold hinge
lies in slip plane, which approximately parallels
original layering. Line of intersection of the
deformation plane and slip plane is slip-line.
Note that rotation sense of the fold is opposite
on either side of the slip-line.
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Slip-line orientations of fj, fo, f3, and f),
folds are shown on lower-hemisphere, equal-area stereo
projections in figure 8a, b, ¢, and 4. The number of hinge
measurements for each slip-line determination, and the orien-
tation of each slip-liné and slip-plane are included in the
diagrams. Diagrams 8e, f, g and h are projections of the
poles to thé axial planes of each fold generation. Planes
shown as solid great circles in figures 8e and 8g limit the
range of great\circles that could be used to describe the
axial plane data. Dashed great circles, drawn through the
poie to the respective slip plane and limiting zone axes
(poles to the solid great circles), show the range of orien-
tation of deduced deformation planes. Slip-line orientations
deduced from zone axis data lie at the point of intersection
of the deformation plane (dashed great circle) and the separa-
tion arc in the slip plane. Observations of the diagrams are
summarized below:

\ £ folds show no anomalous rotation senses in
figure 8a. fgzd hinge orientations are grouped in an 89°
arc in both the northeast and southwest quadrants. The
bisector of the separation arc (slip-line) plunges S54C°E
at 30° and indicates movement of upper beds to the north-
west over lower beds. The slip-line deduced from the
separation arc lies within the range of slip-lines limited

by the zone axis deformation plane data shown in figure 8e.
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f, fold hinge orientations in figure 8b lie in

a 72° arc in the northern quadrant, and a 93° arc in the
southern quadrant. There are no anomalous rotation senses.
The deduced slip-line plunges S64PE at 23°, implying that
upper beds moved southeastward over lower beds along a
line nearly parallel to the fq slip direction, but in the
opposite direction. The few poles to axial planes shown
in figure 8f are too tightly clustered to be used for slip-
line analysis.

fi fold hinges, shown in figure gc, include 16
hinges with undetermined rotation senses. The separation
arc defined by fold axes where shear sense was positively
jdentified is 86°. The three hinges of unknown rotation
sense lying within the arc may be truly symmetrical, due
to a compined sense of rotation (Stanley, 1970, personal
comaunication). They may, however, belong to the counter-
clockwise group, thereby defining a separation arc of 60°
and a more southerly slip—line.' Movement in the f3 flow-
age unit was northwestward, parallel to fj slip. Zone.
axis slip-line orientations, inferred from figure 3g, are
considerably south of the separation arc bisector. The
few data in figure 8g may have yielded incorrect deformation
plant orientations.

fi, folds show the widest scatter of ninge-line
orientations of all fold generations. Four anomalous shear

senses appear in figure dd. The small separation arc is
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.anchored by a ciockwise fold in the southeastern quadrant.
The arc 1s defined to the north by the last counterclockwise
fold axis in the northwestern quadrant, selected after
consideration of the arrangement of axes of unknown ro-
tation. Figure 838 shows 12 out of 15 unknowns grouped
well behind the separation arc. The deduced slip direction
was to the northwest, approximately parallel to f; and f3
slip-lines. Poles to axial planes are widely scattered

in figure 8h, and are not used for slip—line analysis.

Deformation Plane. Contoured poles to eight brittle

zone thrusts are shown in figure 90. Fault plane pole maxima
contain the poles to f; and f, slip planes, indicating the

slip planes are coincident with the fault planes. Apparently,
f

and f folds developed as drag folds along planes of

1 2
high shear stress. The poles to deduced slip planes, and
deduced f; and f2 slip-lines define the slumped section
deformation plane, shown in figure 9b. The deformation

plane gfeat circle was drawn between the f; and f, slip-
line orientations, and between the i and fs slip plane
poles. The strike of the nearly vertical deduced deformation

plane is approximately parallel to the strike of the out-

crop face, N46°W.
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poles to 8 faults
poles to slip planes

Figure 9

Deduced deformation plane of slumped section. a.
Contoured poles to eight faults. Contour intervals
12.5% and 37.5%. f3 and f, poles to Sllp planes in-
cluded. b. Deformation pfane (d.p.) constructed
between f; and f, slip-lines and poles to f; and
f2 slip planes.

Stress Field Analysis. M. K. Hubbert (1951, pp.

367-371) discussed the positions of maximum and minimum
compre;;ive stfesses in a model squéeze box, Wwhere the
deformation plane was parallel to the glass side of the
box. His stress field analysis is particularly applic-

able to the slumped exposure because the deformation plane
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of the slumped section is‘approximately parallel to the

outcrop face. Figure 10 is adapted from Hubbert's original

diagram. Stress trajectories, lines tangent at every
point to a given principal stress, are drawn for o3 and

% maximum and minimum principal stress axes, respectively.
The o, trajectory is normal to the plane of the diagram,

the deformationplane. Lithostatic pressure, o_, increases

z
with depth in the block, and is represented by the small
horizontal tensors at either end of the block. The hori-

zontal normal stress, Oy, increases from left (0,,) to
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Figure 10

Stress field for thrust faults (after Hubbert, 1951,
pP. 370). o3 and o, stress trajectories snown as
solid lines. Planes of failure shown as dashed lines.
Stress-squares below block show all stresses acting
on corresponding points in block.

right ( le), where mov ement is greatest at the right end

of the block. O, also increases with depth by the incre-

X
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ment of increased o,. Shear stresses Tkz and Téx’ form-

ing in response to movement, increase from left to right,
and in the downward direction. Thus, horizontal normal
stress, o, and shear stresses, T

Xz
proportional to the intensity of deformation. Potential

and Téx’ are directly

shear (thrust) planes, shown as dashed lines in figure 10,

are drawn at angles (8) of 30° from the 61 trajectory.
Hubbert (p. 369) shows that the sum of forces acting

on the block in the horizontal (x) direction is zero, accord-

ing to the equation for dynamic equilibrium

Z]) X2
F, = / (o‘xl - 0k2)dz -'{il ‘fxzdz =0

here th t1it /Zl(c
where the quantity <1

the block and the component of its acceleration in the x-

~0'x2)dz is equal to the mass of

direction, and §KX2T¥zdx is the shear stress acting along the
length of the block. Diagrammatically, the state of stress
acting‘on one point in the block may be represented by a
two-dimensional stress-sqﬁare, shown below the block in

figure 10; The point of analysis in the center of the

squaré corresponds to the point circled in the block. The
positions of the principal stresses O3 and O,, are functions
of the relative values of Tys Ty and shear stresses

T

%z and T}x‘ Shear stresses are balanced around the

square so that there is no resulfant rotation of the square;
i.e., the square is in dynamic equilibriun. Note that the

shear stress components for the upper left point are small.
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Lithostatic pressure, 0,, near the top of the block f'
is small. Therefore, the position of 03 1s only slightly
rotated from the horizontal. By comparison, shear stresses ;
Tiz apd T,x» acting on the point in the lower rignt corner

are large; Oy is also increased. The O] trajectory is

rotated toward the o, axis through a larger angle than

Z
in the upper left example. Thus, the o7 trajectory plunges
greatest in the lower right corner where Txz and T,y and

o, values are highest;

Figure 11 is é proposed stress field for the slumped

section, drawn in the plane of the outcrop which nearly para-

llels the deduced deformation plane. Stress trajectories
were constructed at angles (8) of 25° from the observed
thrust faults, assuming a ¢ value of about 40° for the sand-

silt units. Normal stresses 0y and o appear slightly

rotated through an angle o< from the horizontal and vertical,

respectively. It is suggested that rotation took place
on a hypothetical basal slip plane, shown below the talus
cover in figure 11l. Hydrostatic pore-water pressure is
represented by the stress crosses at the left side of the
section. Silt unit 11 is represented by the dotted line.

Stress-squares below the section show an increase with

‘depth of o,, o0,, shear stresses, T;z and T;x’ and pore-

Z X
water pressure, p. It is proposed that the downward increase

of normal stress o, was offset by abnormally high pore

2
pressure below silt unit 11. Pore pressure also reduced

L S

- re—
e st
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normal stress 0.,. Normal stresses acting on planes of
shear were reduced to very low values during slump move-

ment. The relative values.of Oy, Gé,' Xz andT' Tre-

maire d approximately constant throughout the brittle zone,
possibly due to differential increase in pore pressure
below lower silt units, or variations in 0y through the
section. The‘principal stress trajectories are shown as

being nearly straight below silt unit 11 where observed

Txz —_— Gx
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