
EEPORT OF THE METROPOLITAN DISTRICT
WATER SUPPLY COMMISSION

To the Honorable the Senate and House of Representatives of the Commonwealth
of Massachusetts in General Court assembled.

The Metropolitan District Water Supply Commission, established under the

provisions of Chapter 375 of the Acts of 1926, respectfully presents for the year

ending November 30, 1935, its

TENTH ANNUAL REPORT
I. Organization and Administration

Eugene C. Hultman, of Boston, succeeded Davis B. Keniston as Chairman
of the Commission on December 27, 1934. Charles M. Davenport and Thomas
D. Lavelle, both of Boston, continued during the year as Associate Commis-
sioners. R. Nelson Molt continued as Secretary.

The clerical force of the Commission's office at Boston remained substantially

the same throughout the year. Three special agents under the direction of the

Commission continued to care for the property acquired by the Commission in

the Swift River and Ware River areas. Real estate purchasing agents and con-

veyancers and other experts were employed as needed. The engineering and
clerical force of the engineering department averaged 146 employees during the

year. The maximum number employed at any one time by contractors on the

various construction projects during the year was 698 persons. From time to

time temporary local laborers were employed by the Commission for the removal

of bodies and in miscellaneous work of maintenance.

The Commission continued, through duly appointed agents, the direction of

the town government of the Town of Prescott, as provided by Chapter 340 of

the Acts of 1928. A financial statement for the town is included in the Com-
mission's report to the Commissioner of Corporations and Taxation.

II. Engineering Department

Frank E.Winsor continued as Chief Engineer, Karl R. Kennison as Assistant

Chief Engineer, and Walton H. Sears as Mechanical Engineer.

The field divisions continued as follows: Quabbin Reservoir Division at En-

field, Mass., in charge of N. Leroy Hammond; Coldbrook-Swift Tunnel Divi-

sion of Quabbin Reservoir until its discontinuance October 31, in charge of

Richard R. Bradbury; Dam and Aqueduct Division in charge of Wilham W.
Peabody.

Charles T. Main, Inc., of Boston, was employed from time to time as a general

consultant on mill and water power damages and also on the design of the dam
and dike of Quabbin Reservoir. Dr. Charles P. Berkey of Columbia University

continued as consulting geologist. Other consultants were employed from

time to time as needed.

The Commission regrets to report the death on August 10 of Mr. X. H. Good-
nough. By the death of Mr. Goodnough the Commission lost the services of

one who was particularly well fitted to advise them on this project._ Mr. Good-
nough devoted a lifetime to the service of the state. He was born in Brookline,

Massachusetts, in 1861. Shortly after graduating from Harvard University

and obtaining a variety of experience in engineering work, he was employed

by the State Board of Health in various capacities. He was Chief Engineer

of the Board, later the State Board of Health, for 35 years previous to

his retirement in 1930. Under his direction the department developed into

one of the most important agencies of the state for the protection of the public

health and the development and conservation of its resources. He acted as

Chief Engineer of the Joint Board to investigate water supply needs and re-

sources of the State, which investigation led to the present extension of the water

supply sources of the Metropolitan District to the Ware and Swift rivers.

III. Offices

The office of the Commission and of the Chief Engineer continued on the

ninth floor of the Metropolitan District CoHipiission Building at 20 Somerset
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Street, Boston. The only change in the offices of the Commission was the dis-

continuance of the Coldbrook-Swift Tunnel Division of Quabbin Aqueduct on
October 31. The laboratories for water analysis and soil testing were continued

at Enfield.

IV. Real Estate and Wateb Rights

The Commission, for reservoir purposes, has acquired a total of approximately

63,504 acres of land in the Swift River watershed, and for sanitary protection

and construction purposes in the Ware River watershed a total of about 6,195

acres.

The exceptions taken to the Supreme Judicial Court by the Commission to

the report in the petition of Maher and Duggan brought by Thomas F. Maher
and John J. Duggan under the provisions of Section 5 of Chapter 321 of the Acts

of 1927 which report awarded $221,000 for land owned by the petitioners in

Greenwich and necessary for reservoir purposes was heard and the Supreme
Judicial Court sustained the exceptions and the Commission has petitioned for

a new board of referees to rehear the petition.

Upon petitions of the selectmen of the towns of Ware and Enfield, the so-

called river road from the Ware-Belchertown highway south of the main dam,
northerly through the valley to its intersection with the highway leading from
Belchertown to the village of Enfield was discontinued as a public way by the

County Commissioners of Hampshire County on August 13. This, together

with the previous abandonment of the Athol Branch of the Boston and Albany
Railroad, cleared the way for the construction of the main dam. The last

passenger train on the Athol Branch of the Boston and Albany Railroad ran

on June 1.

As a result of the opinion of the Attorney General given to His Excellency

the Governor and Honorable Council, the Commission was required in August
to submit to the Honorable Governor and Council for approval settlement of

all claims and to secure the approval of all new projects prior to their acceptance

by the Commission.
V. Ware River Supply

Agreements were completed with the United States Veterans Administration

and the State Department of Public Health covering the connections of the

sewers of their hospitals in Rutland and the use of the Rutland-Holden trunk

sewer for the diversion of the sewage to the Worcester sewerage system. This

trunk sewer was operated throughout the year.

The temporary chlorinating plant in the upper watershed of the Ware River

was operated on November 30.

Water was diverted from the Ware River three days in January, seven days

in February and two days in March.

VI. Swift River Supply

Real estate and topographic surveys were continued during the year. Some
reforestation of the areas of Quabbin Reservoir above the flow line was instituted.

The Wenzel and Henoch Construction Company completed on October 1

the work under Contract 20 for the construction of the Coldbrook-Swift section

of the Quabbin Aqueduct, thus completing the 24.6 mUes of aqueduct between

the west end of the Wachusett Reservoir and Quabbin Reservoir in the Swift

River Valley.

The remainder of the construction of a highway west of the reservoir site

about 21 miles long from Belchertown to a point on the road between North
Dana and Orange just north of the Orange town line was completed and taken

over by the Department of Public Works as a state highway. This highway
has been named "Daniel Shays Highway" commemorating a local historic event

of national importance, namely, Daniel Shays's Rebellion in 1787, Daniel Shays

himself owning a farm in what is now the town of Prescott and leading a group

of men, drUled on Pelham Common, on the arsenal at Springfield, where they

were dispersed by State Militia and fled through Amherst and Prescott to Peters-

ham, where they were finally captured.

Contract 38 was awarded on May 9 to C. J. Maney Company, Inc., Boston,

and B. Perini & Sons, Inc., Framingham, operating as The Two Companies,
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Inc., for constructing a core wall to sound rock at the site of the main dam of

Quabbin Reservoir in the towns of Belchertown, Enfield and Ware. Work has
been in progress under this contract, the open trench across the valley, about 25
feet below the level of the Swift River, being completed and the caisson core
wall substantiallj^ completed. There are in all 40 caissons across the valley.
Thirty-five of these have been sunk to bedrock and sealed. Of the remaining
5, 2 are in the process of sealing and 3 are practically down to bedrock.

Contract 49 was awarded on October 1 to Cenedella & Company, Milford,
Mass., for excavating diversion channels at the site of Quabbin Reservoir, one
at the lower intake to Quabbin Aqueduct, one at the outlet from Shaft 11A, and
one across the divide between the East and Middle Branches of Quabbin Reser-
voir. Work has been in progress under this contract.

The Arthur A. Johnson Corporation continued under Contract 50 for con-
structing the embankment of the dike of Quabbin Reservoir. The foundation
embankments have been comipleted along both upstream and downstream toes
and the work is in progress on the hydraulic sluicing of the main embankment,

VII, General
The engineering force continued its studies of the development of hydro-

electric power at various points on the work. No electric power development is

practicable until the completion of Quabbin Reservoir provides the necessary
storage of water.

Plans are being made for the general reforestation of areas purchased by
the Commission except those located below the flow line of Quabbin Reservoir.
An experimental nursery was established in the Town of Greenwich and plant-
ing of seedling conifers was commenced in cleared areas on the "Prescott
Peninsula."

Permission was granted for the construction on land of the Commonwealth
in Belchertown of a camp for the Civilian Conservation Corps. This camp is

located just south of the Ware-Belchertown Highway and about one-half mile
west of the Swift River. Permission was also granted for the construction by
the Emergency Rehef Administration of miscellaneous water holes to be used
for fire protection,

VIII, Cemeteries

The Commission has continued the assignment of lots in the new Quabbin
Park Cemetery and 553 bodies were removed from the QualDbin Reservoir
area during the year, of which 514 have been interred in Quabbin Park Ceme-
tery, To date a total of 2,465 bodies has been removed from the Quabbin
Reservoir area, and there have been 71 original burials in this cemetery,

IX. Financial

The Commission appends hereto a statement of its expenditures and disburse-
ments for the fiscal year, and from the date of its appointment,

X. Other Reports
The report of the Chief Engineer is herewith presented. It includes a report

on the geology of the region in which the Commission's operations have been
conducted,

XI, Recommendation
As it is doubtful that the provisions of Section 9 of Chapter 321 of the Acts of

1927 are broad enough to authorize the Treasurer and Receiver General to re-
ceive and invest funds for the perpetual care of lots in Quabbin Park Cemetery
established by the Commission, it is recommended that a special resolve which
the Commission has filed be passed substantially in the form submitted here-
with.

Respectfully submitted,

E. C. HULTMAN, Chairman.
CHARLES M, DAVENPORT, Associate Commissioner.
THOMAS D. LAYELLE, Associate Com77iissioner.

20 Somerset Street, Boston, Mass.
January 15, 1936.
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Resolve to authorize the treasurer and receiver-general to receive
and invest funds for the perpetual care of lots in quabbin park ceme-
tery, ware, massachusetts.

Resolved, that the Treasurer and Receiver-General of the Commonwealth
of Massachusetts be and hereby is authorized to receive, hold and invest such

funds as may be paid to him from time to time by the Metropolitan District

Water Supply Commission or by others, for the perpetual care of cemetery lots

originally or relocated in Quabbin Park Cemetery, as a special fund entitled

"Perpetual Care of Lots in Quabbin Park Cemetery, Ware, Massachusetts."

Resolved, that the Treasurer and Receiver-General be and hereby is authorized

upon the completion or transfer of Quabbin Park Cemetery to pay such fund

together with any accumulations thereon to such trustees, persons, or munici-

pality, or to the Town of Ware, or to its officials charged with the care of ceme-

teries, to whom Quabbin Park Cemeterj^ upon its completion shall be transferred

by the Metropolitan District Water Supply Commission.
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REPORT OF THE CHIEF ENGINEER
To the Metropolitan District Water Supply Commission.

Gentlemen:—The following is a report of the engineering department for

the year ending November 30, 1935.

Okganization

The engineering organization has been decreased about 14 per cent in number
during the year.

Karl R. Kennison, Assistant Chief Engineer, continued in charge of all studies

in connection with the general plan of the work and the design of structures,

preparation of contract specifications, contract and working drawings.
Charles L. Coburn and Stanley M. Dore, Assistant Designing Engineers until

November 1 and since then Associate Civil Engineers, continued their general
supervision of the detailed work of the office; and Walton H. Sears, Mechanical
Engineer, continued in charge of the collection of data in connection with mill

and water power damages. They have assisted in the preparation of contract
specifications.

Three division engineers continued in charge of field divisions as follows:

William W. Peabody, Dam and Aqueduct Division until November 4 and there-

after the Quabbin Aqueduct Division; Richard R. Bradbury, Coldbrook-Swift
Tunnel Division until its discontinuance October 31; N. LeRoy Hammond,
Quabbin Reservoir Division.

X. Henry Goodnough, Inc., continued as consulting engineer until Mr. Good-
nough's death on August 10. Charles T. Main, consulting engineer of Boston,
Dr. Charles P. Berkey, geologist of Columbia University and other experts were
employed from time to time.

The assignment of employees under the direction of the Chief Engineer at

the end of the year and of the preceding year was as follows:

Headquarters Office, Designing Division
Main Dam Core Wall Office

West W^are Office, Dam and Aqueduct Division
Coldbrook Office, Quabbin Aqueduct IDivision
Hardwick Office, Coldbrook-Swift Tunnel Division
Enfield Office, Quabbin Reservoir Division

Total Engineering Force ......... 159 137

The maximum force during the year was 159, during the four weeks ending
December 29, 1934, The minimum force was 137, during the three weeks end-
ing November 30. The average force for the year was 146.

Offices

The office of the Chief Engineer and Designing Division was continued in the

Metropolitan District Commission Building at 20 Somerset Street, Boston.
The office of the Dam and Aqueduct Division was continued at the site of the
main dam of Quabbin Reservoir in West Ware until November 4, when the work
of sinking the caissons for the main dam core wall was nearly completed and this

division was superseded by the Quabbin Aqueduct Division. The office of the

Coldbrook-Swift Tunnel Division was continued in the .brick building formerly
used as a school at Hardwick Center until October 31, when this division was
discontinued. On November 4 the Quabbin Aqueduct Division was established

with an office in the Ware River intake building in Coldbrook, and with a branch
office at Shaft 12 of Quabbin Aqueduct in a building formerly used as a field

office during the construction of the Coldbrook-Swift Tunnel. The office at the
site of the main dam continued to be occupied by the force engaged upon the
completion of the caisson core wall, this force after November 4 being in charge
of Senior Civil Engineer Frederick W. Gow. The office of the Quabbin Reser-
voir Division was continued in the property of the Commonwealth formerly
known as the Frances W. Chandler house on Quabbin Road, and the laboratories

for water analysis and for soil testing were continued in the property of the
Commonwealth formerly known as the Barlow house in Enfield.

Nov. 30,
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Headquabters Office

Summary of the Year's Work
Real Estate.—Reports and recommendations with respect to the purchase of

real estate in the Quabbin Reservoir area were submitted to the Commission
during the year covering 3,966 acres, making a total reported on to date of

79,199 acres.

Pbogbess of Real Estate ptjkchases for Quabbin Reservoir

Total Area Negotiated
Including Owners' Offers
to Sell to Commonwealth

(Acres)
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wall under Contract 38 were tested and inspected by William R. Conard of

Burlington, N. J. The inspection of miscellaneous iron furnished under Con-

tract 20 was made by the engineering force.

Hydrographic Data.—The gaging station on the Ware River at Coldbrook

was continued in cooperation with the United States Geological Survey.

The gaging station on the Chicopee River at the United Electric light Com-
pany plant at Bircham Bend was continued in cooperation with that company

and the United States Geological Survey.

The gaging station on the Swift River at Bondsville was continued in coopera-

tion with the Otis Company.
The gaging station on the Swift River above the intake to the stream control

tunnel at the main dam site was continued.

Cooperation with the United States Geological Survey in the operation and

maintenance of the gaging station on the Connecticut River at Thompsonville,

Connecticut, was continued.

In connection with the examination of the waters of the Ware, Swift and Chico-

pee rivers, observations of flow were continued from time to time and additional

temporary gaging stations established as required and data for the use of con-

sultants and experts were prepared.

Ware River Diversion

Ware River water was diverted into Wachusett Reservoir January 24, 25

and 31, February 16 to 19 inclusive, 21, 26 and 27, and March 4 and 5. No
water was diverted between May 31 and December 1. At other times, the daily

flow in the river was frequently sufficient to permit diversion, but except as

above stated no diversion was made because of the present inadequacy of storage

capacitv in the reservoirs of the District. The quantity of water diverted during

the year was 127,900,000 gallons. The steel bulkhead and gates, about 2,200

feet west of Shaft 8, prevent any flow of the Ware River westerly during diver-

sion . This bulkhead will be removed upon the completion of Quabbin Reservoir.

Sewage Diversion from Ware River Watershed

The Rutland-Holden sewer continued in operation. The flscal year of the

City of Worcester has been changed from the 12 months ending November 30

to agree with the calendar year, so that the current fiscal year includes 13

months ending December 31, 1935. During this period of 13 months, 31,028,200

gallons of sewage were received from the U. S. Veterans Hospital and 52,235,600

gallons discharged into the sewerage system of the City of Worcester.

Design of Structures

Shaft 1. Wachusett Outlet.—Studies were resumed of the requirements^ for

the instaUation of gates to control the discharge from Quabbin Aqueduct into

Wachusett Reservoir.

Power Development at Shaft ^.—Studies were resumed of the development of

hydroelectric power and of the size and characteristics of the unit to generate

power from the water discharged from Quabbin Aqueduct into Wachusett

Reservoir.

Shaft £!.—Designs were continued for the superstructure of the head house

at the top of Shaft 9 and for the requirements of an electric hoist to handle men
and equipment in and out of the aqueduct at this point.

East Branch Baffle.—Studies were continued and designs made for a baffle

across the East Branch of the Swift River near the outlet of Walker's Mill Pond.

These designs include a concrete conduit through the base of the earth fill to

carry the flow of the East Branch m its normal channel as long as desired. After

this conduit is closed the entire flow of the East Branch will be diverted northerly

so that the flow from the Ware discharged at Shaft UA and from the East

Branch will have the important benefit of longer storage in the main body of

Quabbin Reservoir.

Shaft iiA.—Designs were made for one-way shutters to be instaUedat the

top of Shaft 11A, to permit the discharge into the reservoir of water diverted

from the Ware River and to prevent the drawing of water from the reservoir into

the tunnel.
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Shaft 12. Swift River Intake.—Studies were continued and designs made
for the head house and the service building at the intake. Designs were con-

tinued of stop shutters required for unwatering the tunnel and of one-way
shutters to permit the drawing of water from the reservoir into the tunnel and
to prevent discharge into the reservoir of water diverted from the Ware River.

Studies and designs were made of a water supply for the proposed buildings at

Shaft 12, including a 15,000 gallon underground concrete tank 16 feet in diameter
and 10 feet deep, about 45 feet above the floor of the service building. This
tank is fed from a spring about 40 feet higher than the tank. Studies were made
of the requirements for power to operate the shaft hoist and to furnish lights.

Shallow Flowage.—Studies were continued of the possibility of eliminating

certain areas of fluctuating shallow flowage in the margins of Quabbin Reservoir
by the construction of low dams to maintain the water level in such areas, when
the main reservoir is drawn down.
Pumping Ground Water.—Studies were continued of the permeability of

foundation materials at both the dike site and the main dam site, particularly

the latter. Pumpage was continued at the rate of about 5,000 gallons per minute
at the beginning of the year but this figure was gradually reduced during De-
cember and January to about 3,500. The ground water surface was lowered

a maxim.um of about 85 feet below the original water level in the river to a point

about 30 feet above the bottom of the rock gorge. This proved to be the practi-

cable limit at the site and corresponded to a pumping rate of slightly less than
3,500 gallons per minute. This rate was maintained almost constantly during
the remainder of the year and held the ground water near the condition existing

at the end of January. The average permeability of materials below the ground
water surface was estimated to be about 35 million gallons per acre per day under
unit slope at 50° F. This corresponds to an average permeability of about 28
million gallons found at the dike site.

Caisson Core l^aWs.—Miscellaneous studies were continued in connection with
the sinking of caissons for the core walls at the main dam and dike. The fric-

tional resistance to sinking encountered at these sites was estimated to vary
to a maximum of 500 pounds per square foot of vertical face below the surface

from which the caisson is sunk. The caissons are designed with a slight taper

of 1-32 of an inch in 1 foot on each of the two 45-foot sides, the two 9-foot ends
being without any taper.

Main Dam and Dike Embankments.—Studies were continued and designs

made for the embankment of the main dam. Studies were continued of methods
of utilizing existing materials in the construction of the embankment. Studies

were continued of observation wells to enable the future inspection, at all levels, of

the interior of the impervious core of the hydraulic fill embankments. Three such
wells are planned, two at the main dam and one at the dike, founded on the top of

the caisson core wall and each being an extension of one of the wells in the core wall.

At the bottom of each well, at an elevation near the original valley floor, pie-

zometer connections will make it possible to observe the water pressure or head
acting on both upstream and downstream sides of the core wall. The wells will

be steel cylinders, 36 inches in diameter with frequent ports which can be opened
for observing and taking samples of the core material to determine its degree and
rate of compaction.

Offi-ce Buildings and Boathouse.—Studies were continued of the locations and
requirements of permanent office and maintenance buildings including boat-
house and hangar to take care of future reservoir inspection service under the
condition of fiuctuating reservoir level.

Main Dam Spillway.—Studies and designs were continued for the spillway

and discharge channel east of the main dam site.

Power Development at Main Dam.—Studies were continued of the require-

ments of hydroelectric power development at the outlet works downstream
from the stream control tunnel at the main dam.

Roads.—Studies were continued of substitute highways around Quabbin
Reservoir and of locations for access roads to the main dam.

Aerial Map.—An aerial mosaic map of the site of Quabbin Reservoir was
made, scale 1 inch = 1,100 feet.
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Quiiiapoxet River Diversion.—Studies were continued relative to diverting

into the aqueduct at Shaft 2 the waters of the Quinapoxet River for storage in

Quabbin Reservoir.

Photographic Records.—The taking of moving pictures from time to time to il-

lustrate the progress of the work was continued.

Tunnel Inspection.—The final inspection of the Coldbrook-Swift tunnel was
made August 9 upon the practical completion of the construction work and
studies were made of the best tj'pe of floating equipment for use in future inspec-

tions. A party of seven entered the lower intake at Shaft 12 with two canoes
which were lowered through the shaft. The partj^ then inspected the entire

length of the tunnel section, passed through the doors of the steel bulkhead
and inspected the Wachusett- Coldbrook section as far as Shaft 8 beneath the

Ware River intake works and returned through the bulkhead leaving by way of

Shaft 9. It was demonstrated that floating equipment for tunnel inspection

should be of the lightest possible construction. The two canoes which were
used proved very satisfactory. Such equipment must be light in order to have
a minimum draft and be moved along easily when the party is walking, as travel-

ing in the canoes was found to have no advantage over walking except where the
water was deeper than about 0.8 foot over the tunnel invert. It was not practi-

cable to travel in the canoes for more than 33^ miles of the total 13^4 miles.

The tunnel was clean and in excellent condition.

Diversion of Industrial Wastes.—Studies were made of methods of diversion

of objectionable wastes into the Rutland-Holden sewer constructed under Con-
tract 39.

Quabbin Aqueduct Division

The Dam and Aqueduct Division until November 4, and thereafter the
Quabbin Aqueduct Division, continued in charge of all work in connection with
improvements on the Ware River watershed, of the construction and mainte-
nance of the Rutland-Holden sewer, of the maintenance and operation of the
Ware River intake works at Coldbrook and the Wachusett outlet works at West
Bojdston, and of miscellaneous surveys and studies in the Quabbin Reservoir
area. The construction work at the main dam site is included in the following
description of the work of the Quabbin Aqueduct Division.

Office Work
Semi-monthly estimates for Contract 38, one estimate for Contract 49 and

the final estimate for Contract 39 were prepared. Additional real estate plans
were prepared of miscellaneous property in the Ware River watershed, final

tracings being made of about 800 acres. Record plans were prepared of the
Rutland-Holden sewer constructed under Contract 39. Final plans were made
of the area along the tunnel line and along the watershed divide. This divide is

sho-ttTi on a set of index plans, scale 1 inch = 1,000 feet. Topographic maps
were made of the area in the vicinity of the Jefferson Mfg. Company, Holden.
Daily rainfall and temperature records and continuous records of the flow of

the Ware River were kept at the intake building and daily rainfall records were
kept at West Rutland. Studies were continued of materials, comparative costs
and methods of construction of the main dam and dil^e.

Field Work
Topographic surveys were made in the vicinity of the Jefferson Mfg. Com-

pany, Holden, covering about 120 acres, at the site of possible borrow areas
northeast of the main dam covering about 550 acres, and along the line of the
Ware River watershed divide. The survey of this divide was completed, the
total length being 75.3 miles including 18.7 miles adjacent to the Wachusett
watershed, which had been pre^dously surveyed by the Metropolitan District

Commission. A sanitary survey of the operation of the Jefferson Mfg. Company
was made during the week ending August 3. Lines and grades were given for

for construction under Contracts 38 and 49. Additional stone bounds were set

defining property acquired by the Commission in the Ware River drainage area.

The triangulation system in the Ware River drainage area was extended and tied

to other systems of the United States Coast and Geodetic Survey and of the
State Commission on Waterways and Public Lands.
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Monthly inspections and reports were made of conditions found at all shaft

heads along the Quabbin Aqueduct.
The State Department of Public Health continued its cooperation with this

division in the analysis of samples of water and sewage effluents. The chlorinator

station on Mill Brook below the Central New England Sanatorium was main-

tained.

In connection with studies of the method of construction of the main dam
and dike, surveys of topsoil and of glacial overburden were continued in the

vicinity of both structures.

Operation of Ware River Intake Works

. Operation of the Ware River intake works was continued. Water was di-

verted into the tunnel from time to time in January, February and March.
The tunnel was entered for inspection through Shaft 8 on April 8, July 30 and
November 5. The one-way drain valves through the bulkhead were opened
July 30. The steel bulkhead 2,200 feet west of Shaft 8 continued in excellent

condition. The concrete tunnel lining east of the bulkhead and adjacent to the

construction operations under Contract 20 was found to be clean and in excel-

lent condition.

Operation of Rutland-Holden Sewer

Operation of the Rutland-Holden sewer was continued. The meter stations

at the Rutland State Sanatorium, at the 13. S. Veterans Hospital in Rutland,

and at the Holden-Worcester boundary line were inspected regularly and wiers

and piezometer connections cleaned and records of flow maintained.

Miscellaneous Construction

Between December 15 and May 27, the interval between completion of work
on exploratory caissons numbered 7 and 9 at the main dam under Contract

36 and the beginning of work of sinking the remaining caissons to complete the

core wall under Contract 38, pumping operations were continued by the Com-
mission's force. The pumping plant was as follows: in caisson 7, eight pumps,
each with a capacity of 800 gallons per minute; in caisson 9, three pumps of

800 and one of 300 gaflons per minute capacity; and in caisson 20, one of 300

gaUons per minute capacity, all these ratings being at 90-foot head. The rate of

pumpage decreased from 4,480 gallons per minute on December 15 to 3,490

gallons per minute on May 15.

A small labor force was employed throughout the year on miscellaneous work
in caring for the grounds at the Ware River intake, Wachusett outlet and Shaft

4 head house, setting stone bounds, filling cellar holes, grading and cleaning up
at the sites of buildings removed from the Ware River watershed and other mis-

cellaneous work. The average number of men so employed on force account

was 8, the maximum 20 and the minimum 3.

Progress of Contracts

Contract 35.—Contract 35, with the New England Power Company for the

purchase of electricity for experimental work at the main dam site, was con-

tinued to completion. Under this contract power was purchased for use in

experimental pumping from the exploratory caissons.

During the year a total of 555,000 kflowatt hours was furnished, making the

total during the life of the contract 1,159,535 kilowatt hours. The cost of elec-

tricity furnished during the year was $8,382.98, making the total cost from June

2, 1932, to June 1, 1935, $19,367.18.

Contract 38.—Bids were opened May 7, for constructing a core wall to sound
rock at the site of the main dam of Quabbin Reservoir in the towns of Belcher-

town, Enfield and Ware. Nine bids were received, ranging from $1,330,765.00

to $1,818,200.00. The contract was executed May 15, with C. J. Maney Com-
pany, Inc., Boston, and B. Perini & Sons, Inc., Framingham, the low bidders,

who assigned the contract to, and are now operating under the name of The
Two Companies, Inc.

The work consists mainly of excavating an open trench across the vaUey
about 2,700 feet long and about 30 feet deep, sinking a row of 37 concrete caissons
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(three other caissons were previously sunk for explorations under earlier con-

tracts), from the bottom of this trench to sound rock, refilHng both caissons and
trench with impervious materials, and constructing consolidated pervious em-
bankments both upstream and downstream to form the toes of the future main
dam embankments in preparation for the construction of the latter by hydraulic

sluicing.

Excavating of the open trench was started May 17. The removal of the

track of the Athol Branch of the Boston and Albany Railroad crossing the site

was completed July 31, and the excavation of open trench practically completed,

August 20. The highway crossing the site of the dam was discontinued as a

public way, August 13. The open-cut trench was extended up the hillsides to

the elevation of the top of the dam. Stripping of the site was practically com-
pleted. Suitable impervious materials from these operations, together with im-
per^dous soil from borrow areas north of the site, were stored for later use in

refilling the open trench. Silt and other unsuitable materials from the stripping

operations were wasted in the abandoned river bed both upstream and down-
stream from the site and in other spoil areas. Suitable pervious materials from
the excavations were placed in the required embankments. The upstream and
downstream cofferdams, forming the toes of the future embankment, were built

and fills between these cofferdams and the central core wall were graded on a

slope of not over 5 per cent toward the central open trench, in preparation of the

work of hydraulic sluicing of the main embankment under a future contract.

Materials for the pervious fills were generally dumped from trucks, spread in

layers with bulldozers, and then rolled with either a 12-ton, 3-wheel roller or

with a sheep's-foot roller. The 3-wheel roller was equipped with cleats on the

rear wheels. All layers were thoroughly sprinlded before and during rolling.

Materials containing boulders, where rolling was impractical, were consolidated

in water by local ponding.

The cofferdams were completed November 8, the upstream cofferdam to ele-

vation 430 and the downstream cofferdam to elevation 420. The original river

bed was about elevation 380. All the consolidated pervious embankments were
practicallj'' completed during the year. Rock from the open-cut ledge excava-
tion and spoil from the previously excavated stream control tunnel together

with some crushed stone from the concrete aggregate plant was placed in re-

quired stone fills in the downstream toe, in drains through the downstream
cofferdam and in riprap on the face of the upstream cofferdam. These rock
fills were nearly completed during the year.

On May 27 the contractor took over and continued the operation of pumps
in the three exploratory caissons sunk under previous contracts. From this date
until the end of the year the total quantity pumped in operations for lowering
the ground water level was 890 million gallons, an average of 3,296 gallons per
minute. The minimum daily rate was 1,807 gallons per minute on October 26,

and the maximum 4,065 gallons per minute on August 4. In addition to pump-
ing from the three exploratory caissons which were especially equipped for this

work, the contractor pumped from time to time from five other caissons. In
two of these, strainers were installed in the underpinning providing equipment
similar to that in the exploratory caissons. In two others, diaphrams were in-

stalled in the bottom of the caisson weUs, through which pumping was done
directlj^ from the working chamber. In the other caisson pumping was done
from an open sump. The contractor had in all 12 pumps in service with a total

capacity of 7,460 gallons per minute. Individual pum^ps varied in capacity

from 200 to SOO gallons per minute, the largest having a capacity of 600 gallons

per minute under 230-foot head driven by 50-horsepower motor. The pumps
were centrifugal, electrically driven units of the mine type. The pumping opera-

tions lowered the ground water in the deepest portion of the rock gorge to a point

about 85 feet below the original water level in the river.

The river is diverted from its original bed into a channel paved for water-
tightness at a point 800 feet upstream from the core wall. The point of discharge
from the downstream end of the stream control tunnel into pervious material is

about 1,500 feet downstream from the core waU. The ground water has been
lowered as foUows:
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Location

At core wall .

115 ft. upstream
500 ft. upstream
820 ft. upstream

1,700 ft. upstream
105 ft. downstream
800 ft. downstream

2,000 ft. downstream



\

Contract 38.— Looking Down Excavated Keyway Between Caissons

Numbered 2 and 3.

Contract 38.— Main Dam Caisson Core Wall, Cutting Edges and Working

Chamber Forms and Reinforcement, Caissons Numbered 39 and 40.
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In extending the tops of caissons to the required uniform height 25 feet above
the bottom of the open-cut trench the steel forms were dismantled to obtain
sections of approximately the correct height. When only one or two feet of
additional height were required, wooden forms were used.

Grouting from the working chambers at the bottoms of caissons was started

October 23. At the end of the j^ear preliminary grouting in 13 caissons and final

test grouting in 8 caissons was completed, and 4 working chambers were sealed

with concrete. In the grouting operations, 6 holes were drilled from the bottom
of each caisson into the concrete seal and 20 feet into the rock. These holes

were grouted using pressures up to 50 pounds per square inch. A week or ten
daj^s after grouting was completed in any area, three test holes were drilled

through the seal in each caisson. Such holes were generally tight and in only a
few cases did they take any grout.

At the end of the year all the caissons had been sunk except numbers 12, 14

and 19, which were nearly sunk, caissons 11 and 15 were being sealed and aU
others had been completely sealed. The end joints between caissons were
about 70 per cent.excavated and about 50 per cent completely sealed with con-
crete. The average rate of sinking in the open was 9.77 feet in 24 hours under
atmospheric pressure, and under air 3.63 feet. The ground water was lowered
to such an extent that although the maximum depth of sinking below the
original ground water level was 125 feet, a pressure in excess of 18 pounds per
square inch was exceeded in only five caissons, and in excess of 26 pounds in only
two caissons. The maximum pressure required was 29 pounds in caisson 10
where it was necessary to work below the level of the pumping intakes in explora-

tory caisson number 9, thus requiring the shutting down of these pumps. Nine
of the 37 caissons under this contract did not require the use of compressed air.

There were 295 caisson days of pressure below 18 pounds, 36 between 18 and 26
pounds and 6 between 26 and 29 pounds.
The value of work included in contract estimates to November 15, the date of

the latest estimate, was $1,021,829.00, of which 90 per cent was approved for

payment. The contractor's force averaged 332 men, the maximum being 508
for the week ending August 31.

The total electric energy used by the contractor was 1,650,955 kilowatt hours.

The principal items of plant were as follows:

6 Gasoline shovels, including two with convertible booms
3 Traveling cranes
3 Bulldozers
2 Power scrapers with Diesel tractors
2 12-ton gas rollers

1 Sheep's-foot roller

1 Crushing, screening and washing plant
1 Aggremeter
1 1-cu. yd. dual drum paving mixer
1 Caterpillar-mounted concrete conveyor
4 Low pressure air compressors, total capacity 4,150 cu. ft. per min.
2 High pressure air compressors, total capacity 1,000 cu. ft. per min.

64 Ft. height of steel caisson forms
4 Man locks
4 Muck locks
1 Hospital lock .

12 Pumps, as previously described
Trucks, hoists, portable compressors, drills, etc.

The total work done and materials furnished to date under the principal items
of Contract 38 are as follows:

Earth excavation in open cut
Sock excavation as boulders in open cut
Rock excavation as ledge in open cut .

Stripping .....
Unconsolidated embankment
Consolidated pervious embankment
Rolled impervious embankment in core
Rolled impervious embankment not in core
Stone Fills

Pumping .....
Earth excavation for core wall bottom of open cut to elevation 300
Earth excavation for core wall below elevation 300
Rock excavation in caissons to elevation 300
Rock excavation in caissons below elevation 300
Concrete not placed under air pressure
Concrete placed under air pressure
Portland cement .....

224 ,600 cu. yds.
320 "

10,800 "

51,100 "

8,240 "

167,900 "

14,070 "

18,350 "

37,750 "

87,600 mil. ft. g

31,410 cu. yds.
2,910 "

2,300 "

350 "

42,150 "

4,450 "

69,310 bbls.
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Contract 39.—Contract 39, for constructing a trunk sewer in the towns of

Rutland and Holden, was continued to completion. There has been paid the

Contractor in full settlement of all claims $238,708.67.

Contract 49.—Bids were opened September 10, for excavating diversion chan-

nels at the site of Quabbin Reservoir in the towns of Dana, Hardwick and Green-

wich. Twelve bids were received, ranging from $79,050.00 to $207,155.00.

The contract was executed October 2, with Cenedella & Company, Milford,

Mass., the low bidder. Clearing the site of the diversion channel and spoil area

between the Middle and East branches was started October 21, and the spoil

area at the lower intake channel at Shaft 12, October 26.

Excavation of the lower intake channel at Shaft 12 was started November 6,

using a gasoline crane with 70-foot boom and 2>^-cubic yard drag bucket.

Muck excavated from this channel was trucked to a spoil area north of the chan-

nel and suitable material from below the muck was spread over the area adjacent

to the channel. This channel was completed November 16, except for some
trimming of slopes.

The excavation of the channel between the East and Middle branches of the

Swift River was continued, using a 90-horsepower caterpillar scraper which
started work November 4. The crane previously used at the lower intake chan-

nel at Shaft 12 started on this work November 16.

The work of clearing the site of the outlet channel at Shaft llA was started

November 8.

The value of work included in contract estimates to November 12, the date

of the latest estimate, was $7,300.00, of which 90 per cent was approved for

payment.
The total yardage excavated to date is 10,000 cubic yards in the lower intake

channel at Shaft 12 and 75,600 cubic yards in the diversion channel between the

East and Middle branches of the Swift River.

COLDBEOOK-SWIFT TuNNEL DIVISION

The Coldbrook-Swift Tunnel Division, until its discontinuance October 31,

continued in charge of the construction of the Coldbrook-Swift tunnel section of

Quabbin Aqueduct and, until September 16, of river surveys along the Ware,
Swift and Chicopee rivers.

Offi.ce Work

Tunnel cross sections were plotted and excavation and masonry volumes com-
puted therefrom. Semi-monthly estimates and the final estimate were prepared

for Contract 20. Plans and topographic maps were made of the areas at and
near Shafts llA and 12, for an access road to Shaft 12, of the Quabbin Reservoir

watershed divide, and of miscellaneous areas along the Ware River. The prepa-

ration of geologic field notes and specimens for a permanent geologic record was
continued. These specimens were permanently stored in the Ware River intake

building.

Field Work

Lines and grades were given for construction on Contract 20. Surveys for

record were made of the stop log and screen grooves in the Swift River intake

at Shaft 12. About 525 acres of topography were taken along the Ware River

and tributaries below the intake and in the vicinity of Shaft 12. The taking of

photographs of the construction work and of rock formations of geological interest

was continued. Excavation for a water supplj' tank for buildings at Shaft 12 was
begun July 25 with a small labor force. The tank was completed September 14.

The spring supplying the tank was deepened, waUed up with stone and covered

September 27. The distributing pipe from the tank to Shaft 12 and the tem-

porary branch office of the division was completed October 8. Laying of the

supply pipe from the spring to the tank was in progress October 31, when the

division was discontinued. The labor force employed in this work reached a

maximum of 14 for one week.

The collection of data pertinent to the determination of the water power
available and developed at various plants on the Ware, Swift and Chicopee

rivers and to the determination of flows at various points under varying condi-

tions, and the investigation of the quality of the water in these rivers was con-
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tinued until September 16, when the personnel engaged therein was transferred

to the Quabbin Reservoir Division.

Progress of Contracts

Contract 20.—Contract 20, for the construction of the Coldbrook-Swift tunnel

section of Quabbin Aqueduct, through the towns of Barre, Hardwick and Green-

wich, was continued to completion.

During the j^ear the work consisted principally of completing the substructure

of the future head house at the top of Shaft 9 ; instalhng the ladder and platforms

for access to the bottom of the shaft and constructing a chamber at the bottom of

the shaft to permit the future installation, in any emergency, of a tunnel unwater-

ing pump at this point to supplement the pump at the bottom of Shaft 1 ; sinking

and lining Shaft llA and constructing an outlet at the top of this shaft for the

discharge into Quabbin Reservoir of water diverted from the Ware River; com-
pleting the lining of Shaft 12 and the substructure of the intake works at the

top of this shaft; grouting the timbered sections of the tunnel and the 200-foot

length just east of the intake at Shaft 12 which was constructed as a pressure

tunnel with circular cross section; and cleaning up.

Tunnel lining was completed at Shaft 10 about the end of February and the

use of bulk cement was then discontinued.

Cleaning the tunnel between Shafts 12 and 9 was done by two parties of 7 to 9

men each. The work progressed downstream to take advantage of water flow-

ing on the invert. Small portable wooden dams about 12 inches high were
-placed across the invert 200 or 300 feet apart, the section cleaned with brooms
and then flushed by removing the dams. Heavy material was shoveled into

buckets and transported by an automobile truck driven by electric storage bat-

teries. The contractor continued to employ local physicians who made weekly

reports on the health of his employees and on the sanitary conditions of each of

his camps.
The value of work included in contract estimates during the year was $205,-

339.44, the final estimate dated October 1, being for $4,809,852.83.

Shajt 9.—The work of concreting the emergency pump chamber at the bottom
of this shaft was completed January 5. The contractor then installed pumps
in this shaft to maintain the entire tunnel in a dry condition. The work
of placing the steel ladder and platforms in the shaft was begun about April

15. The extension at the top of the shaft of the 20-inch emergency pump dis-

charge line embedded in the shaft lining was completed May 6. The con-

tractor thereafter used this pipe, with a temporary 50-foot extension, as a

discharge line for his tunnel pumps. To complete the concrete work at the top of

the shaft a temporary concreting plant was set up north of the shaft. Ex-

cavation for the spillway was started May 13, the wing walls and head walls of

the culvert being carried down to sound rock. Masonry work for the spillway

outlet was completed July 13, and paving at the outlet was completed August
20. All equipment was removed from the shaft and the headfram.e taken

down June 18. Pumping in the tunnel was discontinued August 8. Work on
the access road was started about July 5 and completed about August 28.

Cleaning up debris from the camp sites, removing plant and equipment, grading

borrow pits, etc., was completed September 26. All work at the shaft was
practically completed September 14. The contractor's force averaged 10 men,
the maximum being 35 during the week ending August 3. The contractor's

camp at this plant was unoccupied except by a watchman.
Shaft 10.—The tunnel lining, consisting of 521 feet easterly and 499 westerly,

was continued to completion February 20. The precast beams and slabs for

closing the top of the shaft were cast about April 10. Grouting of vent holes

in the tunnel arch at this shaft was started April 15 and completed May 2. All

equipment was removed from the shaft and the site, and the headframe taken

down July 23. The concrete top of the shaft was completed August 3, and
grading over the shaft August 13. All work at this shaft was practically com-
pleted September 28. On December 3, 1934, the dry house and contractor's

office building were destroyed by fire. These buildings were not replaced but
alterations were made in other buildings to give the necessary accommodations.
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The contractor's force averaged 16 men, the maximum being 60 during the week
ending September 8. The average number of persons occupying the camp was
12 until January 12, after which the camp was unoccupied except by a watchman.

Shajt 11.—Grouting of the timbered sections and vent holes in the tunnel

roof at this shaft was started May 2 and completed about May 20. Concreting

the shaft connection at the bottom of the shaft was completed June 11. The
headframe was removed July 14. The concrete top of the shaft was completed
and the precast beams and slabs placed August 1. Equipment was removed and
all grading and cleaning up at the top of the shaft were completed August 8.

All work at this shaft was practically completed August 17. The contractor's

force averaged 6 men, the maximum being 27 during the week ending July 13.

The contractor's plant at this camp was unoccupied except by a watchman.
Shajt llA and Ware River Outlet.—The contractor started December 3 to

drive an 8-inch casing to ledge and to drill a 6-inch hole to the tunnel on the cen-

ter line of this shaft, in order to drain the ground water interfering with his

excavation into the tunnel. This hole reached the tunnel January 6. Excava-
tion of the outlet channel was resumed February 25 and completed about March
25. About March 10, the contractor set up a derrick and compressed air hoist

and started shaft excavation March 25. After some difficulty with fine running
sand, ledge was reached April 6. The excavation was continued through about
80 feet of rock, breaking through into the tunnel April 26. A concreting

plant was set up at the edge of the excavation. Cement in bags was hauled

from Greenwich Village, sand from a borrow pit on the highway nearby, and
stone from the aggregate pile at Shaft 10. Concrete lining of the shaft in rock

was poured from May 6 to May 29. The extension at the top of the shaft con-

taining the outlet passages and culvert to the reservoir was completed July 11.

Stone masonry in the culvert wing walls and head wall was completed July 5.

Back filling, paving and riprap were completed August 5. All work at this

shaft was practically completed August 17. The contractor's force averaged

12 men, the maximum being 26 during the weeks ending May 11 and 25. No
provision was made for the housing of contractor's employees at this shaft, the

camp being occupied by only a watchman.
The principal items of plant were as follows:

1 Derrick with 52-ft. boom
1 Compressed air hoist
2 Air compressors, each having a total capacity of 550 cu. ft. per min. and driven by 125 H.P. motor
1 1-cu. yd. concrete mixer
3 Pumps, the largest having a capacity of 1,700 gals, per min. under 50-ft. head with 15 H.P. moto

Shaft 12 and Swift River Intake.—Placing concrete in the shaft lining and
head house substructure was continued at this shaft. Construction was carried

on inside a steam-heated wooden shelter covering the entire working space at the

top of the shaft to allow laying of stone masonry to continue in cold weather.

This shelter and the derrick were raised to include the upper part of the structure

between January 18 and February 2. Construction of stone masonry wing
walls was commenced December 15, 1934. Stone and concrete work in the head
house substructure was continued to completion May 4.

Grouting of the circular or pressure section of the tunnel just east of the shaft

and grouting of the shaft itself was started April 13 and completed May 13.

Excavation of the upper intake channel was started May 6. Material was de-

posited in the approach fill to the shaft and was consolidated with water to re-

duce the amount of future settlement. To complete this fill, additional ma-
terial was obtained from a borrow pit below the flow line. The placing of crushed

stone from the aggregate pile and riprap and paving from the upper intake chan-

nel excavation and from miscellaneous borrow areas was completed July 27.
_
The

paving adjacent to the substructure and wing walls was grouted. Practically

all the work at this shaft was completed August 31. The contractor's force

averaged 21 men, the maximum being 38 for the week ending March 9. The
contractor's camp at this plant was unoccupied except by a watchman.
There was no material change in plant items during the year.

_

The total work done and materials furnished under the principal items of

Contract 20 are as follows:
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Contract 38.— General View of Caisson Core Wall Looking East Across Main
Dam Site.

\
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Shaft 12
Shaft 9 Shaft 10 Shaft 11 Shaft llA and Intake

Earth excavation for shafts (cu. yds.) 85 319 225 339 *

Rock excavation in shafts and in

tunnel within 50 feet of shafts

(cu. yds.) . . .... 2,366 3,656 2,275 409 1,432

Excavation in tunnel, except within
50 feet of shafts (cu. yds.) .

Shaft and tunnel drainag:e (!in. ft.)

Earth excavation in open cut (cu. yds.)

Rock excavaton in open cut (cu. yds.)

Foms for concrete lining in shafts

(lin. ft.) . ...
Forms for concrete lining in tunnel

(lin. ft.)

Concrete masonry in shafts (cu. yds.)

Concrete masonry in tunnel (cu. yds.)

Concrete masonry not in shafts or
tunnel (cu. yds.)

Permanent timbering in tunnel (M ft.

B.M.) . ...
Temporary timbering in tunnel (M ft.

B.M.)
Portland cement (bbls.)**

Steel for reinforcing concrete (lbs.)

Gunite protective coating of tunnel
rock (lin. ft.) ....

Refilling and embanking (cu. yds.) .

Miscellaneous cast iron, wrought iron
and steel (Ibs.j . .

Riprap (cu. yds.) ....
Paving (cu. yds.) ....

* Included in item "Earth excavation in open cut."
** Cement proportioned to concrete masonry at each shaft.

Electric power for all contract requirements was purchased by the contractor.

The total consumed at the different shafts during the year was as follows:

K.W.H.

101,791
16,964
1,548
35
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during the pumping operations at the dike, and until December 15, 1934, at

the main dam. Following the diversion of Beaver Brook above the dike April

12, the depth of water upstream from the dike gradually increased until at the

end of the year it stood 6.75 feet above the original surface of Morton Pond, and
within 10.25 feet of the point at which the flow wiU be diverted northerly into

the Swift River.

Necessarj^ data on topographic and other features were taken in connection

with the studies for highway relocation.

Reservoir-General

Tojjography.—Topography in the vicinity of the flow line of the reservoir was
completed. To date 30,320 acres or 47.4 square miles have been surveyed for

the general topographic maps within and adjacent to the proposed reservoir,

including the topographic location of the entire flow line. About 47.3 miles of

the Swift River watershed divide was surveyed, making a total to date of 67.7

miles, 11.9 miles of which was surveyed by the Coldbrook-Swift Tunnel Division.

Real Estate.—Properties described in applications by owners for sale of real

estate were located and when no surveys had been made sketches showing the

approximate location were prepared. Comprehensive real estate surveys and
analyses and descriptions of deeds were continued. Real estate surveys during

the year cover 4,106 acres, making a total to date of 64,107 acres or 100.17

square miles. Of this total, 62,258 acres have been plotted on a scale of 1 inch —
200 feet. No additional final tracings were made.

Photography.—The photographing of buildings and cemetery lots within the

area to be affected by the proposed reservoir was continued. During the year

73 photographs of buildings and 365 of miscellaneous views and of the progress

of construction carried on under the supervision of this and other divisions were
taken. Also, 99 photographs of property in the Ware River watershed were
taken.

Cemetery Removals.—Interments in Quabbin Park Cemetery and the general

removal of bodies from existing cemeteries in the reservoir area were continued.

The removal of bodies,' headstones and monuments has been done with labor

engaged directly for this work. During the jear work progressed as shown in

the following table

:

Cemetery Removals
Year Ending

To Nov. 30, 1934t Nov. 30, 1935 Total

Burial lots in Quabbin Park Cemetery assigned in
exchange 441 80 521

Burial lots in Quabbin Park Cemetery sold . . 15 5 20
Number of releases executedl

of rights in old lots inl^to Q. P. Cemetery 212 80 292
Quabbin Reservoir area

I
to other cemeteries 136 22 158

Bodies removed from Quabbin! to Q. P. Cemetery 1,126 514 1,640
Reservoir area /to other cemeteries 786* 39 825*

Bodies removed from area outside Quabbin Reser-
voir to Quabbin Park Cemetery ... 2* 1 3*

Burials, not reinterments, in Q, P. Cemetery
Headstones moved] to Q. P. Cemetery

\to other cemeteries
Monuments moved/to Q. P. Cemetery

\to other cemeteries

t Quabbin Park Cemetery was not completed ready for use until August 25, 1932, prior to which
time 632 bodies had been removed to other cemeteries.

* Includes one body originally moved outside and then back to Quabbin Park Cemetery.

The vault was maintained in readiness for use during the winter months.
Work of developing Quabbin Park Cemetery was continued by grading and
seeding miscellaneous areas outside the established lots and by miscellaneous

clearing and grubbing where trees interfered with the setting of stone. Ceme-
tery lots were graded and seeded as removals were completed and in the case of

purchases were graded and seeded at once. The average force employed on
cemetery development during the working operations was 13 men, the maximum
being 16 during the week ending May 25.

Fire Protection.—-The fire fighting equipment was continued in readiness for

service at all times. Five assistants in the divisionjoffice were reappointed as

deputy forest wardens in each of the towns affected by^the reservoir. The equip-

54 17 71
672 256 928
362 22 384
121 54 175
131 7 138
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ment and personnel responded during the year to calls for assistance at 16 forest

fires which burned over a total area of about 1,178 acres. The large acreage in-

volved was due to two large fires of incendiary origin set during a period of un-
usual fire hazard conditions. There also occurred a total of 23 fires in buildings,

8 of which were chimney fires resulting in little if any damage.
Lumbering.—The New England Box Company continued its cutting opera-

tions under agreements with the Commission for the purchase of standing tim-

ber. The lumber was stacked as cut and hauling away commenced July 17 and
continued throughout the year. During the year about 4,790,500 ft. B.M. were
cut, and about 4,247,000 ft. B.M. were hauled, the corresponding totals to date
being about 9,210,500 ft. B. M. cut and 5,775,000 ft. B.M. hauled. In addition,

miscellaneous standing timber at various places throughout the valley has been
sold to other operators and cut under the general supervision of this division.

Reforestation.—TYiQ general program of reforestation was started during the

spring with nursery stock obtained from the Clinton and Amherst nurseries of

the Department of Conservation. Planting of three-year-old red and white
pine was commenced April 19 on approximately 420 acres on the middle and
lower portions of the "Prescott Peninsula," and was confined to open areas

requiring no clearing. A total of about 500,400 trees were planted and there

has been but slight loss to date. Two-year-old white pine seedlings were planted

early in May in a temporary nursery covering about two acres of previously
cultivated land in Greenwich. A total of about 511,000 seedlings were planted
with but little loss to date. Red pine and Norway spruce seedlings were
planted in the latter part of May in a nursery covering about two acres in Ware
east of Beaver Brook and just north of highw^ay route 9. This area had been
under cultivation the previous season and was prepared in the early spring by
careful plowing and harrowing. About 288,800 red pine seedlings were planted,

of which less than 50 per cent survived a fungus blight. About 53,300 Norway
spruce seedlings were planted with but little loss to date. In preparation for

nursery planting during the coming year, an area of four acres in Enfield adjacent
to highway route 21 was plowed.

Clearing.—Outside of the lumbering operations referred to above no general

clearing of the reservoir site has yet been done. However, fire stops have been
established by cutting strips 100 feet wide just inside the clearing line estab-

lished at the future flow line of the reservoir. Such fire stops have been cleared

on the easterly slopes of the West Branch of the Swift River extending northerly
from the village of Enfield, approximately 5 miles. The flow line has also been
cleared on the easterly side of Beaver Brook valley for a distance of about one
mile north of the dike. This work was started April 17 and continued through-
out the year. Labor was engaged to clean up and burn the refuse left following

the sale and removal of buildings in the towns of Prescott, Pelham, Belchertown
and Enfield.

Soil Testing Laboratory.—The work of exploring, collecting and testing ma-
terials to determine their suitability for use in the construction of the proposed
main dam and dike was continued. New equipment was added to the labora-
tory as testing methods were expanded to include new studies and to keep pace
with current developments in soil engineering. Investigations were continued
of the glacial deposits in prospective borrow areas north of the main dam site.

Similar investigations were continued of materials at the suggested site for the
East Branch baffle at Greenwich Village. Tests were continued of topsoils for

impervious refill in connection with the work under Contracts 38 and 50. Rou-
tine control tests were continued to determine the density, moisture, organic
content and permeability of the impervious soil refill placed under these con-
tracts. Use of the plasticity needle was continued in these tests. Routine
permeability and sizing tests were made of samples from the consohdated
pervious embankments placed under Contract 38, and from the hydraulic fill

constructed under Contract 50. The latter included frequent tests of the borrow
pit and sluiced material and water in the pool, for the control of the quality of

the beach and core materials. Tests were continued of concrete aggregates,
concrete and other miscellaneous materials used in the construction work of this

and other divisions.
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Chemical and Bacteriological Laboratory.—The analyzing of industrial wastes
and the collecting and analyzing of water samples were continued in cooperation
with the headquarters office and with assistance from the Coldbrook-Swift
Tunnel Division. On September 16 this division took charge of the collection

of stream flow, water power and other data pertinent to mill and water power
damages previously in charge of the Coldbrook-Swift Tunnel Division. Samples
of water supplies of contractors engaged on work in this and other divisions and
of miscellaneous supplies on property controlled by the Commission were col-

lected and analyzed periodically.

Progress of Contracts

Contract 23.—Contract 23, for making borings in the towns of Belchertown;
Enfield, Ware, Greenwich and Hardwick, was continued to completion. During
the year the work consisted principally of the exploration of proposed borrow
areas for materials to be used in construction.

The value of work included in contract estimates during the year was $7,-

331.72, the final estimate dated September 11 being for $59,044.29. The con-

tractor had one drilling rig in operation during the year and employed an average
of two men.
Under this contract 384 holes were drilled. The total depth drilled was

18,791 feet, of which 15,740 were in overburden and 3,051 in bedrock. In addi-

tion, 167 holes were abandoned by the contractor on account of the difficulty of

penetration of the over-burden.
Contract 36.—Contract 36, for constructing a core wall to sound rock at the

site of the dike of Quabbin Reservoir in the towns of Enfield and Ware was con-

tinued to completion. At the close of the preceding year there remained but
little work to be done under this contract. A small quantity of impervious fill

adjacent to the easterly end of the core wall was made and the final work of

cleaning up was completed December 12, 1934. At the main dam pumping was
continued under this contract in the two exploratory caissons together with
pumping from exploratory caisson numbered 20, sunk under Contract 32. This
pumping was taken over by the Commission December 16 when the total rate

of pumpage was about 5,000 gallons per minute. The total electrical power
consumed at the dike site from the beginning of the work was about 3,300,400
kilowatt hours.

The value of work included in contract estimates during the year was
$48,089.34, the final estimate dated December 22, 1934, being for $1,151,602.49.

The contractor's force averaged 15 men for five weeks ending January 5, the
maximum being 43 for the week ending December 8, 1934.

No important items of plant were added during the year.

The total work done and materials furnished under the principal items of

Contract 36 are as follows:

Earth excavation in open cut to elevation 400
Earth excavation in open cut below elevation 400
Rock excavation as boulders in open cut
Rock excavation as ledge in open cut .

Stripping ......
Unconsolidated embankment
Consolidated pervious embankment
Rolled impervious embankment .

Pumping ......
Earth excavation for core wall, bottom of open cut to elevation
Earth excavation for core wall below elevation 310
Rock excavation in caissons to elevation 310
Rock excavation in caissons below elevation 310
Concrete not placed under air pressure
Concrete placed under air pressure
Impervious filling in caisson shafts
Drilling holes in rock or masonry
Furnishing and placing grout
Portland cement
Riprap .....

284,555 cu. yds.
53,000

"

1,610
"

4,030
"

85,150
"

35,420
"

236,405
"

130,245
"

229,420 mil. ft. gals.
30,065 cu. yds.
2,000

"

2,025
"

1,060
"

38,855
"

5,105
"

3,435
"

10,005 lin. ft.

545 cu. yds.
72,995 bbls.
4,575 cu. yds.

Contract 41-—Contract 41, for constructing a portion of the Belchertown-
Pelham highway in the towns of Belchertown and Pelham, Hampshire County,
was completed November 20, 1934.

The value of work paid for during the year was $29,418.05, the final estimate

dated November 20, 1934 being for $248,578.14, of which $118,486.97, cover-



Contract 50.— Excavation for Cut-off Wall in Ledge at West End of Dike.

Contract 50.—
^
Looking East Along Center Line of Dike Embankment Under

Construction by Hydraulic Sluicing, Central Pool at Elev. 429.
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ing mainly surfacing items and guard rail, was assumed by the Department
of Public Works.

Contract Jj.3.—Contract 43, for constructing an extension of the Belchertown-

Pelham highway to New Salem Center in the towns of Shutesbury and New
Salem, Franklin County, was practically completed early in the year. The work
consisted of setting property bounds, completing guard rail, installing blind

drains in wet slopes and constructing additional cobble gutters.

There has been paid the Contractor $376,964.65 and there remains to be paid

in full settlement of all claims $10,640.82. The Department of Public Works
has paid, mainly for surfacing items and guard rail, $101,705.13 of the above

and will further reimburse the Commission in the sum of $18,862.76.

Contract Ji-J^..—Contract 44, for constructing an extension of the Belchertown-

Pelham highway north of New Salem Center in the towns of New Salem and
Orange, Franklin Countj^, was completed November 20, 1934.

The value of work paid for during the year was $17,091.36, the final estimate

dated November 20, 1934 being for $199,940.12, of which $63,222.73, covering

mainly surfacing items and guard rail, was assumed by the Department of Public

Works.
Contract 50.—Bids were opened November 13, 1934, for constructing the em-

bankment of the dike of Quabbin Reservoir in the towns of Enfield and Ware.
Six bids were received ranging from $1,446,655.00 to $2,267,962.50. The con-

tract was executed December 5, 1934, with the Arthur A. Johnson Corporation,

Long Island City, New York, the low bidder. The work under this contract

includes completing the foundation work on the hillsides of the dike abutments
where excavation had been started under Contract 36, placing impervious and
pervious materials required to build the foundations of the dike high enough to

satisfactorily permit embanlmient construction by the full hj^draulic method,

constructing the main portion of the dike by the full hydrauhc method, placing

riprap on the upstream face, dressing with soil and grassing the downstream
face, and constructing permanent access roads.

On December 17 the contractor took over the maintenance of the engineers

office at the dike site and soon after installed a new water supply for office use

downstream from the dike.

On February 18 work was started on the removal of unsound ledge from the

west abutment and also on the clearing of wooded areas to be used as borrow

pits. Work of grading access roads was started April 1. On April 8 work was
started placing rolled fills for grading preparatory to filling by hydraulic sluicing.

These fills consisted of pervious material on the outer portion of the dike, semi-

impervious near the core and impervious topsoil for the core in the center. For
the most part these fills were placed in layers and rolled with a tractor-drawn,

sheep' s-foot roller, each layer after rolling being not over six inches in thickness.

Extremely coarse material was placed by puddling in water. These fUls were
continued to practical completion during the last week in August.
Approximately 7,000 cubic yards of broken and seamy ledge was removed

from the west abutment uncovering sound rock on the center line. This was
covered with a fairly massive concrete blanket and the ledge thoroughly grouted.

A strip of ledge was uncovered at the east abutment and a concrete blanket 20

feet wide was poured over a portion of the area uncovered during the season.

The ledge encountered in the east abutment was found to be in excellent condi-

tion and it was necessary to remove but comparatively smaU quantities to reach

sound rock. This ledge was also thoroughly grouted.

The pumping equipment which had been maintained for lowering of ground
water in the high shaft of caisson 7 and in one shaft of caisson 13, as described

in the previous report, was removed and all suction intakes carefully grouted.

These shafts were then filled with topsoil carefully compacted. A three-foot

steel cylinder equipped with observation ports was installed on top of the center

shaft of caisson 13 and this cylinder is being carried up through the core to permit

observation of the consolidation of the core during and after construction.

The 18-inch pipe line through the upstream cofferdam which had been in-

stalled under Contract 36 for the purpose of draining Beaver Brook through the

dike site was plugged during the latter part of AprU. To date, Morton and
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Train ponds formerly in the drainage area of Beaver Brook have not risen suffi-

ciently high to cause a flow northerly to the Swift River. The increased eleva-

tion and capacity of Morton Pond have pro\dded the contractor with sufficient

make-up water to carry on his hydraulic fill operations.

The contractor secured most of the impervious topsoil required from a borrow
area lying northeasterly and upstream from the dike, pervious materials and
concrete aggregates from a borrow area southwesterly of the dike site, and the

large quantity of material required for the hydrauhc fill embankment from a
borrow area northwesterly of and upstream from the dike. Early in the spring

the contractor started work on construction roads to the various pits and pre-

pared an area for the erection of a mixing chamber, or hog box so-called, on the

westerly hillside just upstream from the center line of the dike.

The hydraulic fiU was started on August 26 and continued throughout the

year, the contractor working continuously except for Sundays with three eight-

hour shifts. Material for the hydraulic fill was excavated by three 1^-cubic
yard shovels in the borrow pit, two electrically operated and one gasoline driven.

Large boulders encountered in the pit was in general hauled to the beaches of

the embankment of the dike, where they were spread in the path of the wash
from the sluicing pipes and became a permanent part of the fill.

Bottom dump trucks of 8 cubic yards capacity were used for the most part in

hauling material to the hog box, over which a trestle had been built with a hopper
of about 20 cubic yards capacity into which the trucks were dumped. Above
this hopper a grizzly of iron bars spaced about two feet apart removed the largest

boulders, and below it a rotary grizzly supplied by two reciprocating feeders

removed all stones greater than eight inches in diameter. The rejected stones

were hauled by a gasoline-driven locomotive a short distance to a temporary
dump. Material passing through the rotary grizzly entered the chute of the

hog box, where it was mixed with water and distributed through the sluice pipes,

alternately along the upstream and downstream shoulders of the embankment.
A booster dredge pump with a capacity of 12,000 gallons per minute was in-

stalled in the sluice line near the hog box and was used continuously except

during the early filling at low levels.

Water for the hog box was pumped from the pool in the core section of the

dike from a pump float by three electrically operated centrifugal pumps, two
of 2,000 and one of 8,000 gallons per minute capacity through a discharge line

of 24-inch spiral welded pipe. Prior to the operation of sluicing, the core pool

was filled by a pump of 2,000 gallons per minute capacity located upstream from
the dike on Morton Pond. The deficiency in water in the core pool was made
up from time to time by this pump.
The discharge sluice lines to the beaches from the hog box and dredge pump

consisted of 20-inch slip-joint steel pipe. As a rule, the discharge was carried

across the valley throughout the length of one beach by adding or taking off

one length of pipe at a time before shifting to the other beach for a similar opera-

tion. The discharge lines being on the shoulder or outer limits of the beaches,

coarse material deposited near the pipe discharge was moved by draglines to

form a suitable levee along the outer slope of the embankment in advance of the

sluicing. Other materials were deposited varying in size from gravel near the

discharge lines to fine sand near the limits of the pool, the extreme fine material

going into the core pool to be settled out as the core of the dike. Velocities

on the beaches were controlled by the use of numerous baffle boards to prevent
gullying of the beach and to secure a proper gradation of materials. By the

end of the year approximately 25 per cent of the material required to be placed

by hydraulic methods had been placed in the embankment. The greater part of

the westerly access road to the top of the dike and of the easterly access road
leading to the easterly end of the dike was graded.

The value of work included in contract estimates to November 15, the date of

the latest estimate, was $400,463.00, of which 90 per cent was approved for pay-
ment. The contractor's force averaged 119 men, the maximum being 212 for the

week ending November 2. Camp facilities have not been provided at the work.
Electric power for all contract requirements was purchased by the contractor.

The total consumed was approximately 1,225,700 kilowatt hours.
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The principal items of plant were as follows:

3 Gasoline and 2 electric shovels
1 Traveling crane

13 Trucks, mostly 8 cu. yd., bottom dump
3 Bulldozers
2 Sheep's-foot rollers

1 Hog box with twin horizontal feed to rotary grizzly
1 20-inch dredge pump, 12,000 gals, per min. capacity, driven by 1,000 H.P. electric motor
1 Pump float
4 Electrically driven centrifugal pumps, varying in capacity from 2,000 gals, per min. at 90 ft.

head to 8,000 at 120 ft. head
4,000 Feet 20-inch pipe slip joints, 20-ft. lengths
1,800 Feet of spiral welded pipe from 10 to 24 inches diameter

1 Crushing, screening and washing plant
1 1-Cu. yd. concrete paver
Gasoline locomotives, dump cars, etc.

The total work done and materials furnished to date under the principal items
of Contract 50 are as foUows:
Clearing and grubbing ......... 65 acres
Earth excavation .......... 37,000 cu. yds.
Rock excavation for core wall ........ 7,150 " "
Rock excavation except for core wall ....... 2,100 " "
Consolidated pervious foundation embankment ..... 155,400 " "
Rolled impervious embankment in core . . . . . . 47,400 " "
Rolled impervious embankment except in core ..... 61,000 " "
Embankment by full hydraulic method ...... 518,500 " "
Miscellaneous embankment ........ 9,400 " "
Selected coarse material . . . . . . . . . 19,000 " "
Crushed stone or screened gravel . . . . . . . 2,000 " "
Gravel sub-base for roads ......... 1,500 " "
Furnishing and placing grout ........ 540 " "
Portland cement .......... 7,980 bbls.
Concrete, Class A ......... . 3,430 cu. yds.
Concrete, Class B ......... . 15 " "
Miscellaneous steel and iron ........ 24,800 lbs.

Boston and Albany Railroad—Athol Branch.—J]ndev its agreement with the
Commission for the removal of tracks in the Quabbin Reservoir area, the Boston
and Albany Railroad Company discontinued the public use of the Athol Branch
from Bondsville to Athol June 1 on which date the last public train was operated
over this hne.

Work of removal of rails and appurtenances of salvage value was started June
3, at the Athol end of the line and completed July 31, to a point 0.78 mile north-
erly from the West Ware railroad station and located 0.10 mile below the site of

the main dam. A total of approximately 23.9 miles of the line has been removed
effecting complete removal in the Quabbin Reservoir area.

The line from Bondsville to the main dam is being maintained in order that
equipment and materials to be used in construction work may be brought in

by rail.

Throughout its operation of removal an average of 35 men were employed by
the railroad company.

Geological Data
Chapter 321, Acts of 1927, provides that "The Commission shall collect and

publish in its reports such information as to the geology of the region in which
any of the works which it is authorized to construct may be located as may be of

value in connection with the geological history of the State." A geological

report is appended hereto.

List of Drawings and Tables Appended Hereto
Location of Real Estate Acquired for Quabbin Reservoir.
Takings of Real Estate (and Water Rights).
Status of Contracts Completed between November 30, 1934, and November 30, 1935; and in Force

on November 30, 1935.
Canvass of Bids; Contract 38.
Canvass of Bids; Contract 49.
Construction Progress Coldbrook-Swift Tunnel Section of Quabbin Aqueduct.
Monthly Rainfall at Stations on Ware and Swift Watersheds, 1935.
Summary of Rainall on Ware and Swift Watersheds.

For data on contracts completed prior to November 30, 1934, see sixth to

ninth annual reports, inclusive. A General Plan and Profile of the Present and
Proposed Metropolitan Water Supply is included in the appended geological

report.

Respectfully submitted,
FRANK E. WINSOR, Chief Engineer.

20 Somerset Street, Boston, Mass.
January 2, 1936.
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FINANCIAL STATEMENT OF THE METROPOLITAN
DISTRICT WATER SUPPLY COMMISSION

Expenditures and Disbursements for the Fiscal Year and from July 28,

1926, THE Date of the Appointment of the Commission

General Overhead

Administration, Commissioners' Office:

Salaries, Commissioners
Salaries, Clerical

General Legal Expense
Furniture and Fixtures

Rent and Upkeep
Automobile Purchase
Automobile Maintenance
Miscellaneous Expense (undistributed)

Advertising .

.Printing and Blueprinting

Stationery and Office Supplies

Postage

Engineering, Headquarters' Office:

Salaries, Engineering
Salaries, Clerical

General Consultant Expense
General Legal Expense
Furniture and Fixtures

Laboratory Equipment
Laboratory Supplies .

Rental of Equipment
Engineering Instruments .

Rent and Upkeep of Boston Office

Rent and Upkeep of Springfield Laboratory
Automobile Purchase . .

Automobile Maintenance .

Special Experiments . .

Miscellaneous Expense (undistributed)

Printing and Blueprinting

Stationery and Office Supplies

Postage .....
Total Engineering, Headquarters' Office

Year ending
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Year ending
Nov. 30,

1935

25
Total to
Nov. 30,
1935

Distribution of General Overhead

$76,080.12

27,961.78

95,450.20

23,675.89

24,700.38

8,690.28

36 $29,089.32
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Special Agents, Salaries

Furniture and Fixtures . .

Automobile Purchase
Automobile Maintenance
Miscellaneous Expense (undistributed)

Printing and Blueprinting .

Stationery and Office Supplies

Postage .....
Total Real Estate

Waee Watershed Protection:
Salaries, Engineering and Clerical

Legal and Expert Expense
Consultant Expense ....
Labor ......
Engineering Instruments . . .

Completed Contract No. 27
Contract No. 39, Rutland-Holden Sewer
Automobile Purchase
Automobile Maintenance .

Special Experiments....
Miscellaneous Expense (undistributed)

Advertising . . . . ;

Printing and Blueprinting

Stationery and Office Supplies

Postage . . .

Installed Equipment . .

Purchases and Settlements

Taxes ......
Maintenance of Real Estate
Special Agents, Salaries

Rent and Upkeep ....
Automobile Purchase . . .

Automobile Maintenance
Miscellaneous Expense (undistributed)

Printing and Blueprinting .

Stationery and Office Supplies

Postage .....
Rutland-Holden Sewer, Maintaining, Clean^

ing and Repairing
State Sanatorium Branch
U. S. Vet. Hospital Branch
Trunk Sewer, except Branches

Total Ware Watershed Protection

Year ending
Nov. 30,

1935

$0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

P.D. 147

Total to
Nov. 30,
1935

$12,949.00
117.67

1,222.50

2,124.30

1,201.73

26.51

5.48

21.36

$776.89
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Rent and Upkeep ....
Automobile Purchase
Automobile Maintenance .

Contracts for Investigations and Surveys
Materials of Construction .

Miscellaneous Expense (undistributed)

Printing and Blueprinting

Stationery and Office Supplies

Postage .....
Purchases and Settlements

Sub Total Ware Diversion Damages —
Except Jury Trial

Waee Diversion Damages — Jury Trial:
Salaries, Engineering and Clerical

Legal Expense .....
Consultant Expense ....
Expert and other Witness Expense
Automobile Maintenance .

Miscellaneous Expense (undistributed)

Printing and Blueprinting

Settlements .....
Payments under Certificates of Judgment

Sub Total Ware Diversion Damages -

Jury Trial ....
Total Ware Diversion Damages

Permanent Construction — Construction
Contracts: .....

Permanent Construction — Except Construc
TioN Contracts:

Installed Equipment
Temporary Equipment
Labor ......
Contracts for Equipment for Surveys .

Maintenance of Partially Completed Struc

tures ......
Maintenance of Grounds .

Purchase of Plants, Trees and Shrubbery
Rental of Equipment
Miscellaneous Expense

Total

Total Wachusett-Coldbrook Tunnel, Ware

Year ending
Nov. 30,
1935

$0.13

25.04

390.46
0.00

0.00

292.75
154.52

34.84

0.00

1,300.00

27
Total to
Nov. 30,
1935

$0.13

170.42

3,425.39
63.27
136.51

7,255.68

1,232.34

59.12

6.62

166,525.00

. $-3,897.14
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Automobile Maintenance
Miscellaneous Expense (undistributed)

Printing and Blueprinting

Total Wachusett Watershed Protection

coldbrook-swift tunnel section of

General Overhead:
Administration
Engineering ....

Total General Overhead

Engineering :

Salaries, Engineering and Clerical

Consultant Expense .

Labor
Furniture and Fixtures

Engineering Instruments
Rent and Upkeep

**Rental of Equipment
Automobile Purchase
Automobile Maintenance
Contracts for Investigations and Surveys
Materials of Construction .

Miscellaneous Expense (undistributed)

Printing and Blueprinting

Stationery and Office Supplies

Postage .....
Total Engineering

Real Estate :

Legal and Expert Expense
Labor
Miscellaneous Expense (undistributed)

Printing and Blueprinting

Postage
Purchases and Settlements

Taxes ....
Maintenance of Real Estate

Fire Protection, Equipment

Total Real Estate
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General Overhead:
Administration
Engineering ....

Total General Overhead

Engineering :

Salaries, Engineering and Clerical

Consultant Expense .

Labor
Furniture and Fixtures

Laboratory Equipment
Laboratory Supplies .

Rental of Equipment
Engineering Instruments
Rent and Upkeep
Automobile Purchase
Automobile Maintenance
Special Experiments .

Contracts for Investigations and Surveys
Office Buildings ....
Miscellaneous Expense (undistributed)

Printing and Blueprinting

Stationery and Office Supplies

Postage .....
Total Engineering . .

Real Estate — Except Board of Referees and
Legal and Expert Expense
Consultant Expense .

Labor
Furniture and Fixtures

Automobile Maintenance
Miscellaneous Expense (undistributed)

Advertising .

Printing and Blueprinting

Stationery and Office Supplies

Purchases and Settlements
Purchase, part of Athol Branch,
Boston & Albany Railroad

Taxes ....
Maintenance of Real Estate
Water Supply System
Fire Protection, Labor

Tools and Equipment
Automobile Purchase
Automobile Maintenance
Miscellaneous Expense

Police Protection, Labor
Special Agents, Salaries

Equipment .

Automobile Purchase
Automobile Maintenance
Miscellaneous Expense (undistributed)

Printing and Blueprinting .

Stationery and Office Supplies

Thia entry made by order of the Comptroller of the Commonwealth.

29

Year ending
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Stationery and Office Supplies

Purchases and Settlements

Total Swift Diversion Damages

JUABBIN ReSERVOIE — GeMETERIES
QuABBiN Park Cemetery Construction

Salaries, Engineering and Clerical

Legal and Expert Expense
Consultant Expense . .

(Construction) Labor
Tools and Equipment
Automobile Purchase . . .

Automobile Maintenance .

Rental of Equipment
Purchases and Settlements
Construction Materials
Purchase and Planting of Trees and Shrubbery
Receiving Vault .....
Water Supplj^ System ....
Maintenance of Grounds ....
Miscellaneous Expense (undistributed)

Printing and Blueprinting
Stationery and Office Supplies

Completed Contract No. 34 . . .

Sub Total Quabbin Park Cemetery Con-
struction ......

31
Year ending
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Year ending
Nov. 30,

1935

General Overhead :

Administration
Engineering

QuABBiN Reservoir Main Dam

$5,290.70

20,023.83

33
Total to
Nov. 30,
1935

123,675.89

87,533.11

Total General Overhead
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METR DI5T0 WATCB SUOPLY COMMISSION

COLDBROOK- SWIFT TUNNEL
SHAFT AND TUNNEL PROGRESS

CONTRACT 20
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APPENDIX TO REPORT OF CHIEF ENGINEER

GEOLOGY OF REGION IN WHICH QUABBIN
AQUEDUCT AND QUABBIN RESERVOIR

ARE LOCATED
Chapter 321, Acts of 1927, provides that "The Commission shall collect and

publish in its reports such information as to the geology of the region in which

any of the works which it is authorized to construct may be located as may be of

value in connection with the geological history of the State."

The geological work has been done by Frank E. Fahlquist, Senior Civil

Engineer, in consultation with Charles P. Berkey, Consulting Geologist, and the

following report summarizes previous geological information contained in An-

nual Reports of 1927, 1928 and 1929, and covers also such additional geological

information as has been gained up to date.
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Intboduction

The extension of the water supply sj^stem of the Boston MetropoUtan District

to the Ware and Swift rivers involved the construction of the Quabbin Aqueduct,
a tunnel in solid rock 25 miles in length, extending westerly from Wachusett
Reservoir to the valley of the Swift Eiver where the Quabbin Reservoir will be
built. The present system as well as the additions thereto are shown on the map
entitled "Water Supplj^—Metropolitan Boston." The portion of Quabbin
Aqueduct from Wachusett Reservoir to the Ware River, about 13 miles in

length, was practically^ completed in March, 1931, and water of the Ware River
then diverted to the Wachusett Reservoir. The extension of Quabbin Aque-
duct to the Swift River at Quabbin Reservoir was begun in 1931 and practically

completed in the fall of 1935.

The Quabbin Reservoir requires two dams, one across the Swift River Valley,

known as the Main Dam, and the other across the valley of Beaver Brook,
known as the Dike. At the Main Dam a stream control diversion tunnel was
constructed in rock at the westerly end of the dam, and at both the Main Dam
and the Dike concrete cut-off walls to rock, formed by a succession of concrete
caissons sunk through thick glacial overburden, have been completed. The
work of constructing the embankment above the caissons at the Dike is under
way and a similar contract is being prepared for the embankment at the Main
Dam.

Geological Problems
The geological problems confronted in locating the tunnel sufficiently deep

in bed rock to lie beneath surficial weaknesses and buried gorges involved the
following features: the location and depth of old stream channels; determina-
tion of the kinds and character of the rocks through which the tunnel passes and
their behavior during and after construction; the possibility of utilizing rock
removed from the tunnel excavation for concrete ap-gregates; a proper distribu-

tion of shafts to secure the desired excavation progress, located at low points in

the topography where deep excavations through earth would be avoided; the
position and character of the weak spots and their estimated effect upon the
feasibility of the tunnel construction; the probable effect upon ground water
circulation and estimated leakage into the tunnel.

The problems at the Main Dam and Dike involved chiefly the character of

the rock and the material overlying it at the sites of these structures and the
location in the vicinity of material of suitable character for building the embank-
ments.
The necessary preliminary investigations to determine suitable locations of

structures and the construction of these works have contributed substantially

to an understanding of the geology of the region. Investigations were made to

determine the following: grouping of the several rock types into formational
units; determination of the character and thickness of the schist rocks, the
banded rocks or gneisses and of the original sediments from which the schists

and the gneisses were largely derived; determination of the structural relation

of the schists and gneisses of the district one to another and also their relation

to the Oakdale quartzite and the Worcester phyllite formations which are

considered to be of Carboniferous age; determination of the mode of emplace-
ment of the granite and the amount of replacement accomplished by the invasion

of igneous material into the older metamorphic formations; determination of the

influence of remnant schist masses engulfed in the granite ; correlation of forma-
tions and their geologic age.

An important contribution to Massachusetts geology was made in 1917 by
the United States Geological Survey in the report on "The Geology of Massa-
chusetts and Rhode Island" by B. K. Emerson. This report contains the most
complete information available regarding the rocks of the State, but in the opin-

ion of some geologists it has raised certain questions regarding particularly the

geologic structure of the formations, their geologic age and the correlation of

formations of adjoining areas.
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Tunnel Location

The earlier stages of geological investigation were concerned primarily with
the location of the tunnel lines and the selection of suitable shaft sites. Of first

concern was the thickness of glacial drift, the depth of pre-Glacial river channels
and their bearing on the location of the tunnel grade.

The engineering requirements of the project placed the following limitations

on the location of the shafts and tunnel

:

1. The easterly terminus of the tunnel, Shaft 1 (See Plate 1), was limited

to some point adjacent to Wachusett Reservoir; the westerly terminus, the
portal at Shaft 12, was limited to a suitable point along the east side of the pro-

posed Quabbin Reservoir.

2. An intake shaft. Shaft 8, the location of which was restricted not only by
natural and engineering requirements but also by legal limitations, was to be
constructed on the Ware River near Coldbrook.

3. The location of a shaft, Shaft 2, was selected near the junction of Trout
Brook and the Quinapoxet River in order that the combined flows of these

streams could, if desired, be diverted into the tunnel.

4. It was important to have the construction of the easterly section of the

tunnel between Shafts 1 and 8 completed early in 1931 to permit the diversion

of the Ware River flows. This portion of the tunnel, therefore, was designed

to be excavated from eight shafts spaced as nearly at equal intervals as the

topography would permit.

5. Fewer shafts were necessary for the westerly section, between Shaft 8 and
the portal at Quabbin Lake, because more time was available for its construc-

tion. The westerly section was therefore laid out to be constructed from only

four shafts or seven headings, Shaft 11-A being constructed only as a waterway
shaft.

Quabbin Aqueduct as constructed extends from the northwest side of Wachu-
sett Reservoir south of the village of Oakdale to a point near Quabbin Lake
about one mile south of Greenwich Village. Excavation was carried through
solid rock throughout the entire length of the tunnel, the amount of rock cover

above the tunnel varying between 55 and 800 feet. In the easterly 33^ miles

the tunnel invert lies between 200 and 385 feet above the Boston City Base.*

At the portal the invert is at an elevation about 414 feet above Boston City
Base.
The completed aqueduct will fulfill several functions: (a) it will furnish a

means of bringing water from Quabbin Reservoir, which will have a maximum
flow line elevation 530 feet above Boston City Base, to Wachusett Reservoir;

(b) it will permit at Shaft 8, at an elevation 656 feet above Boston City Base,

diversion by gravity of the flood flows of the Ware River into either Quabbin or

Wachusett reservoirs; (c) it will permit at Shaft 2, at an elevation 540 feet above
Boston City Base, diversion of flows of the Quinapoxet River to Quabbin Res-
ervoir, if desired. The flow of water in the tunnel will be controlled by gates

at the Wachusett Reservoir end. Water flowing west through the tunnel wiU
normally enter Quabbin Reservoir through Shaft 11-A located about 23^ miles

east of the portal. When the flow is to the east, water from Quabbin Reservoir

will enter the tunnel through Shaft 12 and be discharged into Wachusett Reser-

voir through Shaft 1.

Quabbin Aqueduct is lined throughout with concrete, and, except for circular

sections about 500 feet in length at the easterly end and 200 feet at the westerly

end, is of horseshoe shape 12 feet 9 inches high by 11 feet wide with weep holes

which prevent water pressure on the lining.

The circular sections are 12 feet 9 inches in diameter with the lining grouted

against the rock to prevent leakage either into or out of the tunnel. After com-
pletion of Quabbin Reservoir the hydraulic grade of the tunnel will generally

be 100 feet or more above the tunnel roof.

The construction shafts have an inside diameter of 14 feet and are lined with

concrete which was placed as the shafts were excavated, to avoid the hazard

of falling rock. This size of shaft was sufficient to allow the installation of

double hoists for the removal of tunnel muck and provided space for water and

* Approximately 6 feet below mean sea level as determined by the U. S. Coast and Geodetic Survey.
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compressed air pipes, electric wiring, ventilation pipes and emergency exit

ladders. Ledge, except at Shaft 3, was from 3 feet to 34 feet below the surface.

At Shaft 3 it was necessary to sink a concrete caisson through 61 feet of earth

to reach bed rock.

For shaft and tunnel excavation the contractors were paid at the contract

unit prices for fixed volumes of excavation and fixed thicknesses of lining. A
typical section of the tunnel is shown in Figure 1. The minimum thickness of

lining was estabhshed for each cross section by a so-called "A" line beyond
which no points of rock were allowed to project. , In sound rock this was fixed

at 3 inches on the side walls and invert and 8 inches on the arch. Except
where permanent timber support was required the "B" line, which was generally

the pay line for both excavation and concrete, was 12 inches from the "A" line

on the side walls and arch and 2 inches on the invert. The "B" line was in-

tended to represent a fair average of the irregular rock breakage, the actual

average of which for the entire tunnel was about 103/^ inches (See Plate 12).

The normal volume of rock excavation in the tunnel was about 6.8 cubic yards

per linear foot. Concrete lining averaged about 2.1 cubic yards per linear foot.

Geneeal Geologic Setting

The tunnel crosses a portion of the upland of central Massachusetts known
geologically as the Worcester County plateau, a large part of which stands

between 1,000 and 1,200 feet above sea level. Protruding above the general

level of this area are isolated sections of considerably higher elevation called

monadnocks, such as Mt. Wachusett, Elevation 2,000, and Asnebumskit Hill,

Elevation 1,400. Geologic investigators^ have previously noted the uniformity

in the contour of the horizon line and have recognized in the general correspond-

ence of the summits of the parallel ridges the former existence of a nearly uniform

surface sloping gently toward the southeast with but few areas rising above it.

Geologists have reasoned that in some past geological time this part of the state

was eroded nearly to sea level, resulting in the formation of a plain, which has

been designated as the Cretaceous peneplain from the geological period dating its

development.
In general the hills and valleys are oriented in a north-south direction which

is closely parallel to the folds in the geologic structure of the area. There are

exceptions, however, which are sufficiently numerous to indicate that dissection

or erosion of the ancient surface or peneplain was not controlled entirely by the

distribution and structure of the underlying rock formations. An explanation

of this has been advanced by Crosby^ who believed that the peneplain at the

time of its fuUest development was covered by a thick mantle of sediments upon
which a drainage pattern was developed without much regard for the structure

of the underlying hard and soft rocks. At this stage of the erosional cycle the

stream gradients were steepened and the rivers rejuvenated as the result of

crustal disturbances. The rivers then became entrenched in the thick mantle

of weathered rock and soil deposits. By the time these residual deposits

were removed the streams had been superimposed on the older crystalline rock

floor. The pattern of this ancient drainage system can be partly traced and
reconstructed except in those areas where the valleys have been too deeply

buried by glacial deposits.

As the ice sheet advanced during the succeeding epoch, known as the Glacial

period, several of these valleys were slightly deepened and widened and the

topography somewhat modified by ice erosion. As the glacier retreated large

quantities of rock material which had been gathered by and frozen into the ice

were deposited, in general, to rather shallow depths in the higher elevations but

accumulated to considerable depths within the valleys. Since the Gkcial

period the regular surface geological processes have operated in a comparatively

simple manner, the main feature being continued erosion of the glacial drift

deposits.

1 Alden, Wm. C, Physical Features of Central Massachusetts, United States Geological Survey,
Bulletin 760, 1924, pp. 15-18.

2 Crosby, W. O., Geoloeical History of the Nashua Valley during the Tertiary and Quaternary
Periods, Tech. Quart. Vol. 12, 1899, pp. 288-324.
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Ancient, Pre-Glacial, or Tertiary Drainage Courses

Many of the streams of this section are too small to have excavated the broad
and deep depressions which they now occupy. There are in the topography
numerous notches or gaps cutting through rock divides which are now unoccu-

pied by streams. These features, which are duplicated many times throughout

New England and other sections of the country, have long been recognized by
geologists as being related to the pre-historic river systems developed during a

long period of erosion occurring before the Glacial period. The most important

of these rivers are shown in Figure 2 and are summarized as follows:

1 . The Tertiary Stillwater River. In the southern rim of the Nashua Valley

at the head of Quinsigamond Valley there is a depression or gap one-half mile

wide at an elevation about 440 feet above sea level. Three miles farther west

and extending north from Oakdale is the valley of the Stillwater River. The
normal course of that stream in early Tertiary times, before extension of the

Nashua Valley westward, continued southerly through this gap into the Quin-

sigamond Valley and connected with the Blackstone Valley. There is also the

possibility that before this time the Stillwater River flowed in a more southerly

direction from the valley north of Oakdale through the valley of Maiden Brook,

leaving a gap near Summit at approximately 660 feet above sea level.

2. The Tertiary Quinapoxet River. The course of the tributaries of the

Quinapoxet River suggests the earlier existence of two separate river systems.

One course carried drainage from the southeast slopes of Mt. Wachusett by way
of Governor and Trout Brook valleys, thence by way of the Quinapoxet River,

Chafhn Pond and the gap at Elevation 760 south of Chaflfin Pond into North
Pond, to a larger valley at Worcester. The other, designated by Perry' as the

"Auburn River," carried drainage from the south and southwest slopes of Mt.
Wachusett by way of South Wachusett Brook and Cobb Brook valleys, Quina-
poxet River Valley, Maple Spring and Eagleville Ponds, into Tatnuck Brook
Valley; and is suggested by the gap at the head of Tatnuck Brook Valley at an
elevation of about 820 feet above sea level. It seems probable that the "Auburn
River" was first beheaded at a point in the vicinity of Quinapoxet Pond by a

backward cutting tributary of the Quinapoxet, the course of which lies north-

westward from Unionville. This suggestion appears reasonable in the light of

information obtained later from the geologic section of the tunnel excavation

which showed that a fault, striking in a northwesterly direction, coincides with
the course of the valley.

3. The Tertiary Nashua River. During early Tertiary times, while the river

systems noted above were eroding their valleys, the Tertiary Nashua River was
rapidly cutting back (westward) over the softer micaceous schists underlying

the main part of the valley floor. Crosby^ has suggested that in one stroke the

Stillwater-Quinapoxet system was diverted to the Nashua by the cutting away
of the divide above Quinsigamond Valley, the component parts of the Quina-
poxet having been previously captured by the Stillwater. The rock floor of the

pass at the head of Quinsigamond Valley is at an elevation of about 440 feet

above sea level, and that at the confluence of the Quinapoxet-Stillwater rivers is

less than 375 feet above sea level.

4- The Tertiary "Rutland" River. A large part of the drainage from the

western slopes of Mt. Wachusett was originally directed through the valley now
occupied by the upper reaches of the Ware River, and through the vallej^ now
occupied by Long Meadow Brook, thence by way of Long Pond, Browning Pond,
and Seven Mile River. Along this course there is a gap between Long and
Browning ponds at an elevation of about 920 feet.

6. The Tertiary Burnshirt River. A southeasterly extension from Cold-
brook of the Burnshirt and Ware River valleys is suggested by the topography,
especially in the vicinity of Muddy Pond, situated at the head of the valley now
occupied by Deans Reservoir, Brooks Pond and Five Mile River. That this

course was identified with the earlier Tertiary history of the Ware River system
is indicated by the gap south of Muddy Pond at an elevation of about 880 feet.

1 Perry, J. H., The Physical Geography of Worcester, Mass., Worcester Natural History Society,
1898, p. 40.

2 Op. cit.
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6. The Tertiary Ware River. The Ware River Valley above Barre Plains

becomes narrower and joins the valley of the Ware and Burnshirt rivers in the

vicinity of Coldbrook. The smaller tributary, Prince River Valley, has special

significance in that it probably was part of the earlier Tertiary Ware River

Valley before the divide to the east had been eroded. These conclusions are

more fully presented later in the discussion concerning interpretation of profiles

obtained from borings.

7. The Tertiary Moose River. The presence of a gap at an elevation of about

770 feet betw-een Mill and Winimusset brooks, and the position of the valleys

occupied by these two brooks with respect to Moose and Pine Hill brooks, sug-

gests two pre-Glacial stream possibilities, one of which, shown in Figure 2,

indicates that Moose Brook Valley, although offset one mile farther west, had
an erosional history in common with Mill and Winimusset Brook valleys. The
other possibilit}'- is that the pre-Glacial Prince River during its earlier history

was directed through Mill and Winimusset Brook valleys by way of what is now
part of the Ware River Valley.

8. The Tertiary "Miiddy" River. The valley of Muddy Brook is one of the

most impressive of those crossing the tunnel line (see Plate 1). Study of the

topography from the map and in the field suggests that at some time the East

Branch of the Swift River flowed through this valley. Upon investigation by
borings the divide in the vicinity of Dead Pond was found to be composed
entirely of glacial drift. The rock floor of the valley through this area is at

about Elevation 480, whereas the surface divide is approximately 70 feet higher.

Reconstructing the pre-Glacial or Tertiary drainage pattern was important

in indicating the areas where the underlying rock floor might be lower in eleva-

tion than was indicated by surface conditions. The limits of many of the pre-

Glacial valleys are obscured by extensive glacial drift deposits of uncertain

thickness. Because of the uncertainty as to the topography of the rock floor,

such areas were recognized as being more important than others where geologic

conditions were more easily interpreted. These preliminary investigations out-

lined the critical areas throughout which more detailed investigations should be

made by diamond drill borings.

Glacial Drift Deposits

The greater part of the area traversed by the tunnels is covered by a glacial

deposit known as a ground moraine. This type of deposit is commonly found

in an unsorted condition and consists of a heterogeneous mixture of rock flour,

sand, gravel, and boulders. It is a relatively shallow deposit compared with

other types of glacial drift. In general the ground moraine is found in the higher

areas and upon the side slopes of the valleys which, upon retreatof the glacier

from the region, carried the glacial waters derived from the melting ice. As a

result, this type of deposit, sometimes called hardpan by the engineer, is com-

paratively free from the assorting effect of water.

During the recession of the glacier many of the valleys were periodically

blocked by glacial drift and ice. Water derived from the melting ice was thus

ponded, forming temporary glacial lakes which received large quantities of well

assorted deposits transported by glacial rivers. This phase of the glacial his-

tory may be recognized in the modified character and mode of occurrence of the

deposits, which consist largely of stratified fine sand and banded clay or rock

flour. The surface topography within these lake areas is generally flat with

small irregularities and depressions. One of the most notable of these temporary

lakes was the glacial Lake Nashua of Crosby^ which covered the drainage area of

the Nashua River from Boylston to East Pepperell, with an arm running to

Fitchburg. The present Wachusett Reservoir occupies a portion of the bed of

this lake.

Investigations m the Valleys

Valleys whose outlets were kept open throughout the period of glacial reces-

sion contain deposits of a modified character, the irregular structure and coarse-

ness of which indicates an origin other than in the quiet waters of a glacial lake.

The lower sides and bottoms of these valleys contain irregularities in the general

I Op. cit.
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surface topography in the form of ridges and terraces which are composed

mainly of sand and gravel, indicating deposition by glacial streams. Some of

these sediments were deposited in front of the retreating glacier as a sheet or

outwash, some beneath the ice in sub-glacial river channels, and others on top

of the ice. As a whole they form a curious assemblage of flat terrace- like areas

and steep and gradual sloped knolls and ridges of varying magnitude.
_
Such

deposits of glacial drift are known as kame deposits, fine examples of which are

found in the valleys of Muddy Brook and the Swift River.

There are also other deposits of a semi-modified and unmodified character

whose form and surface character indicate an origin near the front of the retreat-

ing ice sheet. Alden"- has recognized these deposits as recessional moraines, has

traced their approximate boundary lines, and has differentiated the several

stages of glacial retreat which contributed toward their development. In

surfieial configuration these deposits form knolls and ridges of irregularly

stratified sand and gravel. Irregular or bowl-like depressions, many of which

contain small ponds and bogs, are interspersed throughout the morainal area.

The difference in the relief of these humps and hollows ranges from five feet to

not more than a hundred feet. The topography is not imposing but in general

it is pecuHar and characteristic, appearing somewhat like a large dump of earth

and rock material.

Specific Geological Investigations

Geological investigations of the Quabbin Aqueduct included briefly: (a) con-

struction of an outcrop map; (b) delineating areas where the glacial drift was so

thick that the rock floor topography and character were uncertain; (c) tra,cing

of pre-Glacial drainage courses; and (d) explorations by diamond drill borings.

Borings carried to and into rock were completed in the conventional manner of

doing such work. Since boulders five feet or more in diameter are not unusual

occurrences in glacial drift derived from crystalline rock formations, borings were

penetrated into ledge for distances varying between 10 and 20 feet in order to be

certain that bedrock had been reached. At two of the shaft sites the rock

formations were penetrated to a depth of 100 feet.

Investigation in Quinapoxet Valley

The Quinapoxet Valley for a distance of one mile east of Shaft 2 is covered

with modified drift laid down in an early stage of Glacial Lake Nashua. Ex-

tending east of this section to the vicinity of Shaft 1 the deposits are of the

morainal type, forming an almost continuous cover of variable thickness which

made investigation by borings necessary. Such rock outcrops as were located

indicated that the present stream does not flow in its original channel._ Not
only was there uncertainty as to the thickness of the deposits but it was impos-

sible to state where the deepest channel in the rock floor was located. An ex-

tensive boring program, therefore, had to be planned to secure the necessary

data. The greatest depth of drift penetrated by any of the borings (see Figure

3) was found to be 114 feet. Within this valley glacial drift is believed to be

deposited to a depth of 175 feet more or less. The lowest point reached by
borings in the rock floor of the valley was approximately 400 feet above sea

level, causing the depression of the east end of the tunnel to a depth of approxi-

mately 200 feet to insure a sufficient thickness of rock cover.

Investigations in Ware-Prince Valleys

Abrupt change of the valley at Coldbrook from a north-south to an east-west

course is a striking deviation from the normal trend of valleys throughout the

district. A possible explanation of this unexpected change of course has been

previously suggested in the discussion pertaining to pre-Glacial drainage courses.

The interpretation presumes that the Burnshirt-Ware and Prince-Ware River

valleys were originally separated, that during Tertiary time a tributary of the

Prince River, etching out the valley now occupied by the Ware, cut through the

divide and diverted the other stream. In the earlier stages of its development

the Tertiary Burnshirt River flowed by way of the present Burnshirt-Ware

vaUeys as far as Coldbrook, and thence southerly out of the district. The course

I Op. cit.
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of the Tertiary Prince-Ware River was directed in somewhat the same manner
as at the present time. Later the upper portion of the Burnshirt-Ware was
diverted into the Prince-Ware course.

A series of seven borings across the Ware River on the site of the diversion

dam at Shaft 8 (Figure 4) located the lowest point in the valley floor at about
Elevation 607, which is approximately 40 feet lower than the flow line of the
present stream. A profile through these borings developed the form of the floor

and indicated the extent to which this ancient valley was filled with drift. The
deposits throughout this area are of the recessional moraine type, extending south-

easterly from this point along the Boston and Maine Railroad, and have partially

obscured the Tertiary valley mentioned above. The elevation of the floor at

this point favors the conclusion that the Tertiary Burnshirt River was diverted
bjr a backward cutting tributary of the Prince-Ware River, which left the valley

floor of the former higher than 600 feet above sea level. A boring placed one-

half mile southeast of Coldbrook, at a point probably located within the Burn-
shirt Valley, found rock considerably above Elevation 600.

To check the reasoned conclusions concerning the geologic history, and also to

determine the profiles of these valleys, several borings were made near the con-
fluence of the Prince and Ware Rivers at Barre Plains. These indicated a great
thickness of glacial drift over the rock floor. One boring, for example, after

penetrating 161 feet of glacial drift showed rock at Elevation 434, which was only
a few feet above the projected tunnel grade. That the floor was low at this

point had been foreseen, but without further explorations it was not possible to

determine whether this condition was confined within the Ware Valley or the
Prince Valley or was common to both. In order to determine the extent of this

depression, and to fix the point at which it would be safe to cross the valley along
a new tunnel line location, several additional borings were located farther east

along the tunnel line. These investigations (see profile. Figure 5) indicated

that rock along the line in the Ware Valley was sufficiently high for an adequate
rock cover over the tunnel and that the low floor section was confined to the Prince

Valley. It became necessary then to select a crossing under the Prince Valley
where higher rock could be found. From the study of erosional processes, river

and glacial, which were responsible for the formation of this valley, it seemed evi-

dent that this desirable condition would be found farther north. Consequently,
several borings were placed along a new location of the tunnel line, and the result

confirmed that conclusion. Subsequent investigations along this line indicated

a rock valley buried to a maximum depth of approximately 110 feet. The lowest
point of the valley floor was determined to be at about Elevation 480.

One possible interpretation of the facts would account for the low floor at the
confluence of the Prince and Ware Rivers as being the result of erosion by the
Ware River. This interpretation would assume, however, an abnormal gradient
in the rock floor of the Ware Valley throughout the section between Coldbrook
and Barre Plains. Additional explorations between these localities indicated

that this interpretation was not correct, that the floor gradient of the Ware
Valley was normal, and that a large part of the 200-foot drop between Coldbrook
and Barre Plains was confined to a relatively small area. Overdeepening of the

valley by glacial abrasion appears to be the most reasonable explanation of the
origin of this rock depression.

Investigations at the Portal Site

The first steps in the sub-surface investigations of the west portion of the
aqueduct were made in Muddy Brook Valley along a line referred to as the
"south line." Preliminary studies for the location of the west terminus of the
tunnel contemplated the selection of a suitable portal site on the East Branch of

the Swift River somewhere south of Quabbin Lake. The portal of the south
tunnel trial line was located at a rock cliff a short distance from the Swift River,

East Branch, and about one-fourth mile south of the lake. It was found, how-
ever, that location of the portal site along the east side of the lake would save
from one-fourth to one-half mile of tunnel. It was also believed that a higher
rock floor could be found in the valley of Muddy Brook along a line situated

farther north. Preliminary studies narrowed the list of promising portal sites

to two, one located at the extreme north end of Quabbin Lake and the other
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about midway between the north and south ends of the lake. Several borings

distributed at the most northerly site revealed the surface of rock at a suffi-

ciently high elevation to make a portal at this point feasible, and thus take ad-

vantage of the shortest possible tunnel line.

Investigations in Muddy Brook Valley

The valley of Muddy Brook when viewed from the higher ground on either

side is an impressive physical feature (see Plate 1) . It is a fine example of a large

valley now occupied by a stream apparently much too small to have accom-

plished such an extensive erosional effect. The broad floor of this valley is

covered for more than a mile and a half with sand and gravel ridges of glacial

origin. Some of the drift is only partially assorted and would indicate accumula-

tion to almost any depth. There is nothing whatever to be seen in the valley

bottom from surface inspection that would indicate either the form of floor

profile or the quality of rock beneath.

Preliminary field investigations showed an irregular distribution of glacial

drift and led to the belief that Muddy Brook Valley was the result of erosion by
a pre-Glacial stream but that considerable deepening and widening and removal

of minor eminences was accomplished by glacial erosion. How much of an effect

these processes had on the final configuration of the rock floor it was impossible

to foretell.

A rock profile developed from information obtained from several borings

placed across a portion of the valley near the south line crossing (Figure 6) re-

vealed a deeply buried rock floor in which the lowest point was approximately

45 feet above the projected tunnel roof. These explorations having shown a low

rock floor on the south line, attention was transferred to the north line crossing,

where it was hoped better conditions might be found. The results showed, how-
ever, a continuous low floor and also that the present divide in this area between

the Ware and Swift River watersheds is formed entirely of glacial drift deposited

to a maximum depth of about 140 feet. As a result of these studies, which in-

dicated a rock cover over the tunnel roof of about 55 feet, the north line was
accepted as the tunnel location.

Upon reviewing the Muddy Brook problem at a later date it was felt there were

still several features which had not been as fully determined as was desirable.

Borings on the north line had been located by lining up the lowest known por-

tion of the valley floor as developed on the south trial line with the water gaps

observed in the topography toward the northwest. This method, however, left

an unexplored portion along the tunnel line in the vicinity of Dead Pond approxi-

mately one mile in length, much too long a stretch to be taken wholly for granted.

The impossibility of determining from the information at hand just how much of

the valley was due to pre-Glacial river erosion and how much to glacial scour

was an additional reason for further exploration.

For this particular work it was considered practicable to develop a rock

profile with the aid of the surface potential or resistivity method of geo-physical

prospecting, by means of which estimates of the thickness of cover or depth to

bedrock are based on electrical measurements. In order to be assured of the

approximate reliability of the results similar electrical determinations were

made at two points where the thickness of cover was already known from bor-

ings. In both of these cases the results were consistent with the borings.

A rock profile across the valley floor was thus developed which considerably

extended the reliable information. Throughout the section in question the

mantle of drift was shown to be rather thick but the elevation of the floor was
found to be considerably higher than throughout the section farther west.

The Rock Floor

The district where the Quabbin Aqueduct is located is so heavily covered with

glacial drift that a large part of the bedrock geology is seriously obscured ; never-

theless, outcrops are sufficiently numerous to determine certain major features

concerning the underlying geologic structure. The several rock formations

occurring in this section of the state have been defined by Emerson^ and their

» Emerson, B. K., Geology of Massachusetts and Rhode Island, U. S. G. S. Bulletin 697, 1917.
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areal extent has been indicated on the geologic map of Massachusetts and Rhode
Island. This geologic information was accepted as a working basis and proved
to be immensely helpful. In reality it became the ready-at-hand guide in the

early reconnaissance studies.

It was clear from these published sources of information and from field studies

that several different rock formations, all of them crystalhne, would be pene-
trated by the proposed tunnel. Some of the formations are metamorphosed
bedded sediments while others are of igneous origin, the chief igneous rock being
granite. The metamorphosed rocks vary from very fine-grained rocks, inter-

mediate between slate and mica schist called phyllites, to fairly coarse-grained

schists. Occurring with these are occasional beds of quartzite which in general

are more massive than the schists. As a whole, the rock formations were con-

sidered to be of good quality and where they had not been disturbed too much
by deformation it was felt they would not be likely to give trouble of any conse-

quence during construction. A certain amount of faulting, where the rock
might be badty broken, was anticipated, and it was believed that such weaknesses
would be encountered despite the fact that no important fault could be located

by surficial examination. The fact that nothing of this nature could be located

was not considered significant because such features under weathering and ero-

sion develop readily into depressions which later become obscured, thus remov-
ing from observation the very places of most concern to the engineer.

Before construction began a final review was made of all the old and new facts

bearing on the tunnel project as well as the several questions previously raised.

The preliminary and more detailed geologic studies made it possible to answer
some of the questions completely. It was readily determined that there were
at least seven important geologic units sufficiently uniform within their own
boimdaries and yet varying enough one from another to be regarded as different

geologic formations. It was also possible to determine approximately the forma-
tional sequence from one end of the tunnel to the other and indicate the length

of tunnel within each formation. It was impossible to make a definite statement
as to the location of faults or crush zones as none of importance were discovered

in the exploratory work. It was necessary, however, to anticipate the proba-
bility of encountering such zones and to be prepared to provide timbering for

the tunnel excavation through them.
It was apparent that the tunnel could be constructed successfully along any

of the alternative lines so far as the rock formations themselves were concerned.

Such structural weaknesses as might be encountered were expected to cross the

tunnel line and would be encountered regardless of which line was followed.

The choice of lines, therefore, turned, not on the character of the rock but
directly upon its topography, especially the depths of buried channels, and also

upon the relative advantages of the portal sites.

Record of Geologic Features of the Tunnel

A plan of recording geologic features was used that is believed to be particu-

larly suited to projects of this kind. Special attention was given to four kinds

of records; first, systematic field notes of observations taken directly from the

tunnel walls, and transference of this data to a geologic section drawn as a profile

of the tunnel; second, collection of typical samples representing the average of

rock formations and any special conditions; third, a series of photographs of

characteristic structures and underground conditions; and fourth, notes on
special features and on rock interpretations which it is hoped will serve as a con-

tribution to the geology of central Massachusetts.

The Geologic Section

In recording the geologic phenomena observed in the tunnel a continuous

floor plan and sidewall profile was drawn on a scale of twenty feet to an inch.

Plan and section are drawn side by side, giving opportunity to show graphically

the strike of structures on the plan and the dip on the section.

Different rock types are indicated by characteristic conventional designs and
all special structural features are represented, including formational boundaries,

bedding, joints, and internal features such as the foliation or grain structure.

Additional features which do not lend themselves to graphic representation are



14 P.D. 147

indicated in descriptive notes on the drawings at the point of occurrence so that
the geologic plan and profile carry a continuous series of abbreviated descrip-

tions. Sixty such drawings are appended to this report.

Rock Samples

Hand specimens were taken systematically and continuously from a large part
of the tunnel at 25-foot intervals. In certain stretches where the geologic con-

ditions were more uniform and monotonous, samples were taken at 50, 100 or

250-foot intervals. In addition, whenever it seemed advisable, suites of speci-

mens were collected for special study.

All of these rock samples have been properly labelled and arranged and are

permanently housed in the intake building at Shaft 8 near Coldbrook where they
furnish a visible record of the actual rock excavated throughout the entire

length of the tunnel.

Photographic Record

In addition to the detailed geologic record presented on the profile sections,

photographs were taken of those spots where features of special interest and sig-

nificance were encountered. These features are mostly of a structural character

and include banded or injection structures of pegmatite and granite in the schis-

tose rocks, streaked and banded or flow structures characterizing the granite

masses, and deformation structures of all kinds, particularly folds and joints.

In this manner some of the characteristic details have been preserved with
greater exactness than could otherwise have been done.

Geologic Interpretation

It is intended to give here a summary of the geologic returns of the Quabbin
project. This portion of the report is essentially a composite of data gathered
from all possible sources and assembled into as comprehensive a statement as

seems justifiable. It, together with the other forms of records referred to under
the preceding heads, is intended as a contribution to the geology of central

Massachusetts.

Rock Formations

All rocks of the area have been greatly modified by metamorphic processes.

Despite the great variety, the rocks may be grouped rather satisfactorily into

three classes: (1) those of sedimentary origin, (2) those of igneous origin, and
(3) those of doubtful origin consisting chiefly of hybrid or mixed rocks, in part
igneous and in part sedimentary. In the excavation of the tunnel, two principal

types of schist were penetrated. One of these is a brownish quartz feldspathic

biotite mica schist typically developed between Shafts 4 and 5. This in general cor-

responds to the Paxton quartz schist of Emerson.^ Another type is a brownish
quartz mica (mainly biotite) schist typically developed between Shafts 3 and 4,

7 and 8, 9 and 10, and at Shaft 11. This is the Brimfield schist of Emerson.^
The Paxton feldspathic biotite schist is made up of two units separated by a

distinctly different type, which is similar to portions of the Brimfield schist.

The Paxton formation, therefore, is composed of three members, which have
been designated as the upper, middle, and lower Paxton members.
The Brimfield schist type was found distributed both above and below the

Paxton formation. Because of this it was necessary to recognize a new forma-
tion which has been called the Ware schist.^

Rocks of igneous origin occur throughout the tunnel, the most prominent
occurrences being those of a gray gneissoid granite between Shafts 1 and 3 and
11 and 12. The granite occurring within the former limits has been mapped by
Emerson* as part of the Fitchburg granite, and that within the latter limits as

the Monson granodiorite.^ A very dark granitic gneiss, called the Hardwick
granite^, occurs between Shafts 10 and 11.

1 Emerson, B. K., op. cit., p. 62.
2 Emerson, B. K., op. cit., pp. 68-71.
' Callaghan, E. A., Contribution to the Structural Geology of Central Massachusetts, Annals of

the New York Academy of Science, Vol. 33, p. 63.
« Emerson, B. K., op. cit., pp. 232-233.
6 Op. cit., pp. 241-243.
6 Op. cit., pp. 238-239.
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The areal distribution of formations is shown in Figure 7. The distribution,

except for minor revisions, is essentially the same as that shown by Emerson.

^

In a few cases, formational boundaries have been redrawn to conform to the

contacts exposed in the tunnel. The rocks of the large area mapped by Emerson
as Brimfield schist in Hubbardston graiiite have been given new significance by
assigning them to and mapping them as a new formation called the Ware schist.

The designation of Hubbardston granite on the preliminary map has been
dropped in the interest of simplification. As brought out in this report the Hub-
bardston granite is merely a special facies of the Fitchburg granite, which has
intruded the schists and formed injection schists and gneisses. In a few cases

this condition is shown on the map by a pattern similar to that designating the

Fitchburg granite.

Emerson's classification of Brimfield schist has been retained, although occur-

rence of this type in four separate belts between Shaft 8 and the portal has been
shown on the geologic section. Figures 8D, E and F, as Brimfield-Ware schist.

Formations of only indirect concern to this report have been grouped. These
include the sandstone and shale strata and diabase intrusions of the Connecticut

Valley area, which are shown by only one pattern, and which are classified as

"Triassic Sediments and Diabase Flows—-Dikes." The rocks west of the Con-
necticut Valley are likewise grouped under a single pattern and are classed as

"Schists and Gneisses West of Connecticut Valley." The Paxton schist forma-

tion, newly recognized as being composed of three members, is shown by a sin-

gle pattern, because the areal distribution of the component parts is not known
in sufficient detail to warrant mapping them. It might be noted that Emerson
has mapped a few small areas of Brimfield schist enclosed by Paxton schist,

which probably could be classed with the middle member of the Paxton forma-

tion. Additional exposures of diabase are shown, which are parts of several

intrusive dikes emanating from the much larger diabase intrusions of the Con-
necticut Valley area.

The Worcester Phyllite

This formation does nor occur within the tunnel area. It has, however, an
important bearing on the structural as well as the age relations of the tunnel

formations. The Worcester Phyllite at its type locality, the Worcester "Coal
Mine," has been recognized by Emerson and Perry- to be of Carboniferous age.

This conclusion has been substantiated by White. 2-

In the "Coal Mine" area the rock is a distinctly carbonaceous and graphitic

phyllite. The typically graphitic variety is very black and dense and is com-
posed essentiall}^ of quartz, magnetite, biotite, and sericite minerals, together

with variable amounts of ferruginous and carbonaceous earthy materials, all of

which are thoroughly recrystalHzed. The whole rock exhibits a strong folia-

tion, grain, or beddiag.

A variation in composition is shown in the occurrence of a dark gray to black

phyllite having a uniform but extremely fine grain and composed chiefly of

quartz and muscovite mica or sericite in about equal amounts. It is very
strongly laminated and often presents a distinctly slaty cleavage, although in

some places the laminations are wavy, contorted, and crumpled, even down to

microscopic scale (Plates 2 and 3).

The phyUite contains many large and small quartz veins which follow the

foliation structure in all its detail of folds, crumples, and small distributed faults.

Where more strongly quartzose beds are interbedded with the phyllite the

quartz veins cut across the foliation without any trace of folding or contortion.

A common feature of the contact zone between the quartzite and phyllite

in the area north of the Wachusett Reservoir and the fossil bearing outcrop of

the "Coal Mine," is the occurrence of andalusite crystals. These do not pene-

trate the more quartzose beds but lie in all directions within the darker phyllitic

layers. Emerson* has previously reported the occurrence of this andalusitic rock

over an extensive area in Lancaster and Sterling and designated it as chiastolite

1 Op. cit., Preliminary Map of Massachusetts and Rhode Island.
s Emerson, B. K., and Perry, J. H., Geology of Worcester, Mass., 1903, p. 29.
» White, Chas. David, Age of the Worcester Phyllite, Jour. Wash. Acad. Sci., 1912, pp. 114-118.
* Op. cit., pp. 64-65.
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schist. In the geologic section (Figure 8A) the phyllite is shown as folded into

a simple dome or anticline on the west and a trough or syncline on the east, the
major portion of the arch having been removed by erosion, exposing the under-
lying quartzite.

The Oakdale Quartzite

In the easterly end of the tunnel (Figure 8A) there is an extremely fine-

grained light to dark gray and reddish-brown phyllitic quartzite, which, accord-
ing to Emerson, is part of the Oakdale quartzite formation. The composition
of this is quite variable. In general it varies from a phyllitic quartzite or quartz-
mica phyllite to a true quartzite. In its simplest facies it is composed chiefly

of quartz and rather abundant carbonate (calcite or dolomite) with small
amounts of zircon. It is distinctly granular but is nowhere thoroughly re-

crystalHzed although quartz, feldspar, carbonate, sericite, and magnetite are
present as recrystallized minerals. A variation in color to reddish brown is

due to very fine biotite mica, and that to a greenish gray is thought to be due to

secondary chlorite, although other investigators have noted actinolite in small
lenses which also might account for this color. Another variation seen in hand
specimens on the surface, but which could not be recognized in the tunnel, is

the segregation of biotite mica in thin bands.
Discontinuous quartz veins are almost always present, but never in associa-

tion with feldspar. They more often occur with sharply defined borders, some-
times offset, revealing small faults. Introduced carbonate is very abundant

—

especially in the form of thin-vein fiUings in the zones of greatest fracturing.

Carbonate also occurs as a very thin veneer on some joint surfaces.

Surface exposures east of the tunnel (Plate 2) show a rock of somewhat vari-

able composition varying from a massive quartzite to a very finely laminated
phyllitic quartzite or quartz-mica phyllite. This rock is light to dark gray in

color, and contains sericite which imparts a typical silvery sheen to cleavage
blocks. Laminae average 2 to 3 mm. in thickness, and near the interbedded
quartzite and phyllite are observed to lie closely parallel to the true bedding.
In some areas the small crumples of the laminae appear to have been overfolded
toward the west, but one small fault was observed which showed an overthrust
toward the east. The grain size is everywhere strikingly uniform. When
weathered the quartzite tends to break readily along the foliation planes and pre-

sents a somewhat leached appearance which is due to attack on the fairly abund-
ant carbonate constituents.

The quartzite, east of the narrow belt of phyllite occurring within the reservoir

near Oakdale, forms a belt approximately 13^ miles wide. It is regarded as an
anticlinal structure or dome as indicated in the geologic section. West of an
area of phyllite it again appears in a belt about one mile wide dipping toward the
west where it grades into the Boylston schist.

The Boylston Schist

The weathered exposures of this rock present a rusty brownish color, but fresh

fractures reveal a bright silvery appearance. In the tunnel the schist has a
uniform grayish color and appears to have a somewhat variable composition.
The rock generally occurs as interbedded layers and is composed of two principal

varieties, namely, a fine-grained quartzose schist or phyllite and a coarser more
micaceous schist. The quartzose varieties vary in occurrence from narrow
bands a fraction of an inch thick to massive beds several feet thick constituting

the major portion of the rock. The coarse micaceous bands are usually minutely
crumpled and crushed.

The quartzose bands could be termed quartzites. They have an average grain
size of 0.1 mm., and in addition to the abundant quartz contain perfectly

oriented muscovite and biotite mica and chlorite minerals and occasionally gar-

net and pyrite (Plate 3).

Andalusite crystals are frequently present in the more micaceous bands.
The foliation is often seen to be displaced around these crystals and is sometimes
curved and contorted. The crystals are larger and more abundant in the vicin-

ity of pegmatite and quartz intrusions. Alteration of andalusite to an aggregate
of fine biotite and muscovite mica is indicated on the embayed or irregular mar-



Plate 1

Outlet Works at Shaft 1.

View of Quinapoxet River and Wachusett Reservoir.

Muddy Brook Valley.

The Cretaceous peneplain is traced by the distant skyHne.



Plate 2

Crumpled Phyllite.

This view was taken on north shore of Wachusett Reservoir in area mapped as

Worcester phylhte. The minutely contorted structure and sinuous bands of

vein quartz are typical of the formation.

Crumpled Interbedded Quartzite and Phyllite.

A feature is the strong crumpling of phyllitic layers. The small overthrust faults

are displaced toward the east and the narrow sinuous bands are vein quartz.
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Plate 5
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Brimfield Schist.

The massive beds are quartzite. The remaining portion shows the typical biotite

schist containing small lenses and bands (light patches) of pegmatite.

Typical Banded Paxton Schist.

The narrow light-colored bands are parallel to the foliation and bedding structure,

and indicate original sedimentary layers. The persistence of such structural

features made it possible to reconstruct the geologic section with considerable

accuracy.



Plate 6

.0 g



Plate 7

Pegmatite in Paxton Schist.

Such small lenticular bodies are very numerous, and are commonly grouped along

the structure lines of the rock.

!ti-l

Typical JMonson Granodiorite.

The dark bands which occur throughout the formation are hornblende diorite.



Plate 8
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Banded Aspect and Structure of Monson Formation.

This view is typical of some portions of the Monson granodiorite formation where
portions of unreplaced schist occur. The darlvest bands are biotite schist.

The ligliter bands are due to variations in the amount of igneous injection

and replacement.

Original Sedimentary Bedding and Igneous Injection of Paxton Schist.

The narrow banding was produced by the arrangement of different layers in the

original sediment and by injection of pegmatite in bands and small lenses

along the foliation structure. The large irregular pegmatite body is about
three feet thick.
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Plate 10

Structural Features, Gneissoid, Granite and Pegmatite in Ware Schist.

The conformity of the fohation structure in the schist and granite portions suggest

that granitization was accomphshed by soaking of the schist with granitic

material. The dark band extending across the field is schist, above and below
which the granitic constituents are abundant. There are also numerous
clearly outlined lens-like patches of pegmatite.

Remnants of Granitized Schist in Fitchburg Granite.

The extreme degree of igneous injection and soaking shown here is typical of a

large part of the Fitchburg granite as seen in the tunnel.



Plate 11



Plate 12

Permanent tmiber construction reciuired to supi)ort crushed and altered rock in

tunnel east of Shaft 9.

View of lined and unlined tunnel section. The rock breakage was typical of

much of the tunnel.
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gins of some crystals. Biotite and garnet crystals are often found embedded in

a schistose groundmass made up chiefly of quartz and mica, of which about one-

third of the mica content is biotite and two-thirds muscovite. There is also a

small amount of albite feldspar. The larger crystals of biotite are oriented both

parallel to and across the foliation or grain structure.

Numerous sm.all lenses and bands of pegmatite and glassy quartz, as well as

occasional broad vein- like pegmatite bodies, occur throughout the Boylston

schist as seen in the tunnel, the quartz apparently being confiDed to zones of

weakness, especially to shattered or crush zones. The pegmatite often contains

white feldspar and glassy quartz. Quartz bands frequently contain garnet and
are often associated with sulphide.

This formation was exposed in the tunnel for a distance of 1,685 feet between
Stations 36+40 and 53+25. At the former location it is in conformable contact

(Figure 8A) with the Oakdale quartzite, since the one grades into the other with-

out any sharply defined boundary. The westerly limit is a sharply defined con-

tact with a gneissoid granite, regarded as a part of the Fitchburg granite for-

mation.

The Fitchburg Granite

The portion of the Fitchburg granite batholith occurring in a belt about

14,000 feet wide between Shafts 1 and 3 (Figures 8A and 8B) shows considerable

variation in composition and structure. About 75 per cent of the rock is es-

sentially a granite, the remaining portion being composed of extensive bodies of

an older schist rock, now recognized as remnants of the former roof or cover.

The granite has a decidedly coarse texture and, due to orientation of mica
flakes and frequently feldspar, it almost always exhibits a gneissoid or streaked

structure. This structure is often accentuated by concentration of biotite mica

in narrow bands which are generally parallel to the prevailing foliation. Some-
times the foliation appears crumpled or simulates swirls as if produced in

flowage.

The mineral constituents within the granite proper vary in their proportions

somewhat from place to place (Plate 4). This is particularly true of the micas,

especially biotite, which is the most variable in amount. Orthoclase and micro-

cline feldspars occur in abundance with lesser amounts of plagioclase feldspar

of albite to andesine composition. Quartz and feldspar frequently occur in inter-

growths. Titanite, apatite, and occasionally rutile are found as accessory

minerals, and p>Tite and titanite are frequently intergrown. In certain zones

hornblende becomes prominent, although never dominant over biotite. The
granite is essentially fresh and sound. Microscopically the rock preserves evi-

dences of strain and shows slight fracturing.

Darker schistose portions, found mainly in the vicinity of Shaft 2, occur in

several different forms; as narrow and broad bands in the granite, as irregular

and sometimes sharply defined blocks, and as larger or more extensive bodies

(Plate 10).

The granite frequently grades into schist through a zone that partakes of the

characters of both (Plate 9). The foliation of the granite is always parallel or

closely parallel to that of the schist. Throughout a large part of this granite belt

the foliation structure is almost horizontal but there are zones of steeply in-

clined foliation especially in the easterly section where for about 4,000 feet the

structure of the granite is almost vertical. At two other points farther west the

structure is also very steep but there the rock is composed mainly of schist.

There is considerable variation shown in the composition of the schist bodies

but in its simplest facies the rock might be classified as a quartz-biotite mica

schist. Quartz and feldspar are always present in variable amounts together

with the accessory minerals apatite, zircon, and titanite. Next in abundance
to the quartz and feldspar constituents is biotite (often altered to chlorite),

muscovite, little fibrolite, magnetite, zoisite, garnet, tourmahne, and sometimes

epidote. The biotite mica is generally brownish in color in contrast to the black

biotite of the granite. Whatever the rock may have been originally it is now
thoroughly recrystallized. Some feldspars are partly altered to kaolin. Por-

tions of the quartz acd feldspar constituents, as well as pyrite, appear to have
been introduced. Orthoclase, oligoclase and microcline feldspar, as well as
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biotite mica and granular quartz occur in large amounts and some of these at

least have been introduced.

Pegmatite or coarse granite occurs extensively both in the schist portions and
in the simple granite areas. It occurs as veins, lenses, and bodies of irregular

outline, and grades into the surrounding rock through a transition zone having
fewer pegmatite constituents. Pegmatite frequently occurs as a border between
blocks of schist and the surrounding granitic mass. In the more schistose zones,

pegmatite frequently occurs in the form of feldspar bunches, small lenses,

streaks and bands. It is also commonly found as narrow veins following the
course of ancient joint structures.

The mineralogy of the pegmatite is comparatively simple, the main constitu-

ents being a white microcline feldspar and quartz with variable amounts of

biotite and muscovite mica. Black tourmaline, often in association with pyrite,

is found developed occasionally to rather large crystals.

The Fitchburg granite extends for 7, 100 feet west of Shaft 2 to Station 191+00,
at which point it is in abrupt fault contact with the Brimfield schist. This
contact is now determined to be approximately IJ^ miles farther east than previ-

ously mapped.

1

The Brimfield Schist and Brimfield-Ware Schist

This formation, designated in the easterly portion of the tunnel as the Brim-
field schist and in the westerly portion, for reasons to be explained later, as the
Brimfield-Ware schist, occurs in several places. Its most prominent occurrence

in the easterly section (Figure 8B) is for a distance of 10,290 feet from its fault

contact with the Fitchburg granite to Station 293+90, a point about 600 feet

east of Shaft 4. This belt is part of the east limb of a broad anticlinal or domed
structure and consequently the formation does not appear again until the west
limb of the anticline brings it back into the tunnel (Figure 8D) about 2,600 feet

west of Shaft 8. It continues from this point, at Station 746+00, as the major
rock formation throughout both headings of Shaft 9 and the east heading of

Shaft 10 (Plate 5) with but the two exceptions of the Coj^s Hill granite and a
diabase dike. At Station 973+00 it is in contact with and appears to be over-

laid by the Hardwick granite formation. The Brimfield-Ware schist outcrops
again in the stretch of tunnel (Figure 8F) adjacent to Shaft 11 between Stations

1132+00 and 1188+60. A similar type occurs in the extreme westerly end of

the tunnel to a point beyond the portal.

The Brimfield schist is chiefly a biotite mica schist (Plate 6). In places it

grades into a biotite quartzite and in other places into a quartzite with very
little mica. In the easterly section of the tunnel it contains only slight amounts
of garnet but in the westerly section the garnet content is high and the rock in

some sections could be correctly called a garnetiferous schist. A prominent
feature is the general flaky appearance due to the abundance of biotite mica and
to easy separation of the rock along the foliation lines. This characteristic is

accentuated by numerous irregularities caused by small pegmatite lenses. In
the easterly section of the tunnel the Brimfield schist is generally of a dark red-

dish-brown color, whereas in the westerly section it is darker and black. Both
of these color variations are due chiefly to the mica content.

The rock is always foliated and commonly has a w^avy and lenticular appear-
ance due to small lenses of quartz of only a few millimeters in diameter. Ac-
centuated by pegmatite and quartz streaks the foliation is deformed into small

steep dipping folds.

The typical schist, unaffected by addition of igneous material, contains a
great deal of reddish-brown platy and occasionally fibrous biotite mica with some
muscovite mica. Quartz is present mainly in microscopic lenses. Larger
lenses contain also oligoclase-andesine feldspar. Red garnet is commonly, but
not always, present. Mention has already been made of the high garnet content in

the rocks of the westerly section of the tunnel. The needle-like mineral silli-

manite or fibrolite is abundant in some sections but absent in others, as is also

graphite.

Variations of the typical schist occur in definite beds and layers parallel to the

' ' Emereon, B. K., op. cit., Geologic Map of Massachusetts and Rhode Island.
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general foliation or bedding. Very hard and dense quartzite types are thus
found. By an increase in quartz the biotite schist grades into a biotite quartzite

and with decrease of the mica content into a true quartzite. The grain size is

also variable but nearly alwaj^s is less than 1 mm., the average being from 0.2 to

0.5 mm. Near the larger igneous bodies or injection zones the grains become
larger.

Certain varieties show complete recrystallization of the constituents and an
intense foliation. Numerous large and small bodies of pegmatite and granite

are present occurring both with sharply defined outlines and with transitional

zones grading from one rock type into the other. These granite masses re-

semble in every detail the Fitchburg granite.

The Paxton Schist

The Paxton schist formation, consisting of three members, occurs throughout
the central portion of the tunnel in a belt about 6 miles wide and in the vicinity

of Shaft 8 in a narrower belt less than one-half mile wide. The upper member
which immediately underlies the Brimfield schist of Shafts 3 and 4 extends in the
tunnel (Figure 8B) for 16,530 feet between Stations 293+90 and 459+20, again
(Figure 8C) for 1,080 feet between Stations 546+20 and 557+00 and again in

the tunnel (Figure 8D) west of Shaft 8 for a distance of 1,000 feet between Stations

736+00 and 746+00. The lower member appears in three separated sections, from
Station 476+30 to Station 522+00 for a distance of 4,570 feet, from Station

567+30 to Station 599+00 for a distance of 3,170 feet, and again from Station

722+75 to Station 731+20 for a distance of 845 feet. A middle member occurs
between the upper and lower members and is considerably thinner than either

of these.

The upper and lower members consist of a distinctly feldspathic quartz-

biotite schist which is comparable to the Paxton quartz schist as recognized by
Emerson. They are very similar in mineralogy, structure and other charac-

teristics. 1 he rock is commonly strongly foliated but also occurs in dense mas-
sive beds with very little foliation. In some cases the structure is made more
evident by reason of a distinctly banded aspect (Plates 5, 7 and 8) produced by
differences in the composition of the original sediment. A decrease in the quartz
and feldspar content and consequent increase of mica creates a distinctly biotite

mica variety. More massive and somewhat quartzose bands occur where there

is an increase of quartz over the feldspar content. These bands are rarely over
one inch thick and more often are only a fraction of an inch, especially those
which are most strongly biotitic. Where there is an absence of banding the rock
has a somewhat speckled appearance due to the distribution of biotite mica
flakes in a groundmass of quartz and feldspar.

The most conspicuous structure indicating original sedimentary differences in

composition is produced by a mineral aggregate which has a greenish-gray color,

and which occurs in bands and thin lenses which average about half an inch in

thickness but which may attain thicknesses of 3 or 4 inches. These are com-
mon and persistent and the metamorphic minerals of which they are now com-
posed suggest a carbonate content in the original sediment.

The typical schist variety (Plate 11) consists chiefly of quartz, feldspar, and
biotite with minor amounts of muscovite mica. The biotite is generally of a
brownish or bronze color but is usually black when adjacent to pegmatite. The
feldspar content is of variable grade ranging from oligoclase to labradorite but
usually is of the andesine variety. In some sections numerous grains of car-

bonate occur as well as small amounts of garnet and zoisite.

In its general aspect the middle member of the Paxton schist resembles the

Brimfield schist type. It is a distinctly more flaky biotite variety than the

typical schist of the upper or lower members and as a whole contains consider-

ably less quartz and feldspar. Despite the general resemblance to the Brimfield

schist its structural association is perfectly clear and there is no doubt what-
ever of its designation as part of the Paxton formation as described here.

The Ware Schist

The Ware schist formation occurs in an anticlinal structure for a distance of

12,375 feet between Stations 599+00 and 722+75 (Figure 8D). It occupies
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the entire tunnel between Shafts 7 and 8 and extends for a considerable distance
east of Shaft 7.

The general appearance of this rock is very similar to that of the Brimfield
schist but it is separated from the Brimfield formation by the Paxton formation.
The dominant rock type is a dark-brown flaky biotite mica schist containing very
little quartz or feldspar but commonly containing garnet, at times in sufficient

quantity to be called a garnetiferous biotite schist. Interstratified beds of con-
siderably greater quartz content occur throughout the formation. Some rela-

tively thin layers of more feldspathic schist are also present and these sometimes
contain green bands similar to those occurring in the Paxton schist. Pegmatite
and gneissoid granite make up a considerable portion of the formation (Plate 10).

These occur as small and large lens-shaped bodies and masses of irregular shapes
with either sharp or transitional contacts.

A rather unique difference between this formation and the Brimfield is the
occurrence of limestone beds which vary from 6 inches to 15 feet in thickness.

These beds, found on the west limb of the anticline, are of a greenish-gray color

and exhibit a perfect banded structure which is largely due to differences in grain

size.

The Coys Hill Granite

The Coys Hill granite is essentially a rather extensive and prominent occur-

ence of coarse granite within the Brimfield-Ware formation. It occurs as a con-
formable band or sill-like intrusion about 400 feet thick between Stations 937+00
and 946+00 (Figure 8E). Emerson^ has mapped and described this rock type
in some detail. The tunnel excavations failed to reveal anything new regarding
its mineralogy and structure. There is one feature which might be emphasized
however; that is the similarity of the Coys Hill granite to many other coarse

granite types occurring in bands and lenses throughout the schist formations
farther east.

The typical Coys Hill granite is a very coarse granite in which individual

microcline feldspar crystals have developed to unusual size. These average from
1 to 23^2 inches in diameter and frequently are even larger. The feldspars are so

numerous and well developed in places that approximately 75 per cent of the
rock is made up of large feldspar crystals or phenocrysts irregularly arranged in

a darker and fine-grained groundmass of biotite mica schist. The schistose

portion or groundm^ass, by reason of the addition of igneous constitu-

ents, is highly granitized but still exhibits a definitely streaked structure

which conforms to the foliation of the over and underlying biotite schist. The
coarse or porphyritic texture is due entirely to microcline feldspar, quartz being
absent. G arnet, as well as fibrolite, occurs frequently throughout the rock.

The Hardwick Granite

The Hardwick granite is a conspicuous formation in the tunnel (Figures BE
and 8F) between Stations 973+00 and 1132+00. This formation is composed
of several rock varieties ranging from granite to schist, the chief variety being a
very dark foliated or streaked granite. This tj^pe is by far the most prominent
part of the formation. It varies from a medium to coarse grain and is composed
essentially of orthoclase and plagioclase feldspar and miuch biotite mica. The
feldspars are generally present in excess of quartz. Other minerals often present

are magnetite, apatite and zircon. Variations in the grain, internal structure,

and mineral composition often occur which give the rock an appearance similar

to a recrystallized biotite mica schist (Plate 6). Variations between schist and
granite occur in the Hardwick formation which are similar to those occurring in

the Fitchburg granite.

The foliation or grain structure as a whole is well developed, and is empha-
sized by the occurrence of light streaks and bands com.posed of a mineral com-
position consisting mainly of quartz and feldspar. In some stretches the in-

truded igneous rock was less affected by the older enclosing micaceous schist

formation than in others. Through these stretches the rock has a decidedly
massive or less foliated structure.

1 Emerson, B. K., op. cit., pp. 240, 241.
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Bands and injection zones of a light or gray granite, similar to the Fitchburg
granite, which are best developed within the schistose portions, occur through-
out the extent of the Hardwiek formation. Small interconnected lenses of pink
feldspar and glassy quartz occur, frequently resulting in giving a porpbyritic

aspect to the rock.

Schistose masses similar to the Brimfield schist type occur throughout the
Hardwiek formation. These are composed of a black mica schist in contrast to

the brown mica schist formations farther east. Beds of a distinctly quartzitic

schist also occur. The foliation structure of these members is prominent and
regular, conforming to that of the surrounding rock. The contacts are con-

formable. In the lower and upper portions of the formation the typical rock is a
fine to medium grained strongly foliated biotite schist containing considerable

igneous material. The average variety consists of abundant black biotite mica,
orthoclase and plagioclase feldspars, quartz and much garnet. The feldspars

show considerable alteration to kaolin, and sericite is present. Variations in

this type result from the addition of abundant apatite and the occurrence of

orthoclase feldspar in greater amount than quartz. Fibrolite and graphite are

often present in these schists, whereas they are always absent in the more
granitic types. Thin beds of a quartzitic schist containing abundant recrystal-

lized quartz and some plagioclase feldspar occur within the more micaceous
schist tjTDes. A particular feature of the quartzitic schist is the presence of

graphite and tremolite and large sprawling garnets.

The Monson Granodiorite

The Monson granodiorite occupies most of the tunnel (Figure 8F) between
Shafts 11 and 12 and a large part of the Swift River Valley lying a short distance

westerly. In the tunnel its exact limits are from Station 1188+60 to Station
1307+75. The typical rock (Plate 7) is a grayish foliated granite, although
in some sections it is quite massive. The foliation structure is due to the con-

centration of biotite in streaks and narrow bands. Beds and bands of hornblende
diorite, which in the majority of cases are oriented parallel to the foliation, also

occur throughout its extent. In a few cases these exhibit irregular structures in

which the bands have been faulted and folded.

The granodiorite of the tunnel (Plate 9) is an igneous rock of rather simple
composition. It chiefly contains orthoclase and plagioclase feldspars, quartz, a
little biotite mica, and considerable hornblende and magnetite. Slight amounts
of garnet and sericite are also present. In some stretches schistose bands are

very numerous and become the dominant feature of the rock. Light and dark
colored bands are thus seen which are the result of variations in concentration of

igneous constituents, the general appearance being that of an injection gneiss.

The schist portions are essentially unreplaced remnants of the former cover and
to all appearances are related to the Brimfield-Ware formation (Plate 8).

The dioritic rocks are made up largely of abundant hornblende, considerable

plagioclase feldspar, and minor amounts of magnetite, biotite, titanite and
apatite. The rock is frequently of a massive structure, especially where it

forms a contact zone between the Monson granodiorite and the Brimfield-Ware
schist formation. Emerson^ has called this particular variety the Dana diorite.

A pale reddish or pink variety of granite intrudes the gray Monson grano-
diorite at several points. The best example of this occurs as a sill-like body or
sheet east of Shaft 12. The outer portions of this body are of medium to coarse

grain. The adjacent wall rock is peculiarly spotted by reason of the scattered

reddish orthoclase feldspar crystals in the gray granite. The inner portions of

this intrusive mass are of m^uch coarser grain than the outer, some feldspar

crystals being several inches in diameter. The whole rock has undergone trans-

formation in W'hich the feldspars have been greatly altered to a clayey constitu-

tion and partly replaced by quartz. Upon excavation this m.aterial was seen

to be composed of gray to reddish clay surrounding angular blocks of quartz.

When exposed to the elements the unreplaced but completely altered feldspars

in these blocks were easily weathered and the clayey material washed away.
Because of the instability of this rock it was necessary to support the tunnel

1 Emerson, B. K., op. cit., p. 244.



22 P.D. 147

roof and sides by erecting timbering and providing for greater thickness of con-

crete lining. The phenomenon presented here is similar to the Lantern Hill

quartz replacement in southeastern Connecticut described by Loughlin.^

A large remnant mass of schist approximately one-half mile wide divides the

Monson formation into two parts. The rock is a medium-grained strongly

foliated biotite schist frequently containing small beds of amphibolite schist.

The average schist contains much biotite mica as well as acid plagioclase and
quartz. Garnet, titanite and apatite minerals are also present. Streaks and
bands of feldspar-quartz composition are as prominent here as in the schist

formations elsewhere.

Diabase

Tunnel excavations were carried through two diabase or trap rock dikes, one
of which occurs between Shafts 3 and 4 (Figure 8B) and the other between
Shafts 8 and 9 (Figure 8D). These dikes, which have been traced for several

miles beyond the immediate vicinity of the tunnel, cut across the area in a nearly

parallel northeasterly direction. They are offshoots of the much larger diabasic

intrusions of Triassic age occurring within the Connecticut Valley area.

The Mixed or Hybrid Rocks

The formations of the tunnel area seldom occur in a simple condition. They
vary from true schists, derived by the metamorphism of sediments, to gneissoid

granites and pegmatites, clearly of igneous origin. Traces of material, more or

less clearly defined, and resembling the original schists are nearly always asso-

ciated with the granitoid masses. As a matter of fact, between the two extremes

of granite and schist there are all gradations which appear to be mixtures of these

two primary types.

Examination and critical inspection of these formations in the tunnel sug-

gests their classification as mixed or hybrid rocks. The field relations of the

different original sedimentary formations were surely favorable for the invasion

of granitic and pegmatitic juices from an igneous body encroaching upon them
from below. If it were ever possible for igneous material to penetrate rocks of a

schist type it should have happened under these conditions. Originally there

were extensive bodies of sediments developed into schists with a strong foliated

structure in which penetrating solutions could find many weaknesses along which
to move in attempting to escape or break through. Such a process, involving a

highly penetrative invading solution, ought to produce all of the varieties of

structure and proportions between simple schist on the one hand and true granite

or pegmatite on the other. This is exactly what is found in the tunnel and there

appears to be no other way of accounting for them.

The main bodies of the Fitchburg granite and the Monson granodiorite con-

tributed a large part of the invading solutions. All of the formations of meta-
morphic character developed antecedent to the igneous invasion have been
affected to some degree dependent upon their distance from the igneous sources

of supply and on their differences in primary composition and metamorphic
structure.

The deformations existing at the time of the igneous intrusion appear to have
determined the results and to some extent to have directed the major move-
ments. It should have been possible for the granitic juices or magma to pene-

trate readily along clear-cut fractures or fissures developed by deformations,

thus forming the larger dikes and other transecting masses of simple composi-

tion. The more intimate mixtures of constituents, characteristic of both the

schists and the granites could not have been produced without actual mixing

of the two types of rock in some manner or the replacement of a portion of one
by a portion of the other.

The mixed product which occurs in one form or another throughout long

stretches of the Quabbin Aqueduct, presents many facies and every possible

proportion. The introduced igneous material is so intimately interspersed and
interlocked with the recrystaUized sediments that it is quite impossible to dis-

1 Loughlin, G. F., The Gabbros and Associated Rocks at Preston, Conn., U. S. G. S. Bulletin 492,
912.
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tinguish clearly between them and to determine their relative proportions. It

is, however, usuallj^ possible to identify the two major elements of the mixture.
The common facies is, therefore, a hybrid rock that is properly called an injec-

tion schist.

The clearly recognizable igneous bodies occurring in these schists are found in

several modes of occurrence and with wide range in size as follows : feldspar
bunches, knots, or lenses which often consist of single crystals or a simple ag-
gregate of feldspar crystals; thin lenses and bands of pegmatite producing a
typical banded injection structure. There is sometimes associated with this

type an intimate intermixing with the schist; large lenticular bodies of pegma-
tite varying in size from a few inches to several feet in diameter; sill or sheet-
like bodies which often attain sizes as great as 50 feet or more in thickness;
irregular but generally lenticular-shaped bodies containing pegmatite and gneis-
soid granite.

The contacts between these igneous bodies and the older schist members are
either sharply defined or gradational from one type to the other. On a large
scale the foliation of the schist is bent around the igneous bodies indicating that
at least a part of the space required for the intrusive pegmatite was made by
actual displacement of the schist. Embayed contacts, however, and truncation
of the foliation structures indicate that the larger part of the space required was
made by replacement of the schist. Gneissoid granite grades into the schist

through a zone of mixing and banded injection as if the granitic solutions had
soaked into the surrounding schist and penetrated almost every interstitial

weakness.
Pegmatite is often uniformly distributed along the foliation planes of the

biotite schist but its concentration varies greatly from place to place, the great-
est concentrations being found in the biotite schist formations. In the Ware
schist formation, for example, for a distance of 1,000 feet between Shafts 7 and 8,

' there occurs gneissoid granite which is certainly almost wholly igneous, and for

a considerably longer stretch the amount of injection is very heavy (Plate 10).

The concentration of pegmatite within the Paxton schist is considerably less

than in the more micaceous varieties (Plate 7). In the more quartzose schist

members the amount of pegmatite is negligible, although the beds are cut by
quartz veins.

The principal constituents of the most widespread pegmatite, responsible for

the development of mixed and hybrid rocks, are microcline and quartz. This
pegmatite is always white, while the less notable pegmatite, more abundantly
developed in the Hardwick and Monson granites, is of a reddish color. Albite
and oligoclase feldspar are present in variable proportions. The plagioclase

feldspars are often partially altered but microcline feldspar is nearly always
clear and fresh. In the larger bodies feldspar is considerably more abundant
than quartz but in the narrow bands and lenses, especially in the end sections of

elongate lenses, the main constituent is glassy quartz. Both muscovite and
biotite mica are generally present as accessory minerals. Garnet is prominent
in the pegmatites occurring within the distinctly garnetiferous schists. Black
tourmaline is common throughout the Paxton schist of Shafts 4 and 5. Other
variations in composition are .due to the presence of schist inclusions and to con-
centration of biotite in streaks parallel to the foliation. Sericite, together with
chlorite, is an abundant alteration mineral. Large sections of granite are
strikingly fresh with almost no evidence of alteration, whereas the dusty ap-
pearance of orthoclase and plagioclase feldspars in contrast with the freshness

of the microcline feldspar is very noticeable. Large grains occasionally show
granulation along their margins and the softer minerals, chiefly mica, have de-

veloped along the weaknesses. Garnet is often present in large amounts and is

believed to indicate assimilation of some other rock.

Portions of the gneisoid granites represented within the injection schists

possibly are not all of the same origin. It is believed, however, that a large por-

tion of the streaked rocks had their origin through a process of extreme granitiza-

tion of the overlying and adjacent schist.
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Granitization of Schist Bodies

The presence and mode of occurrence within the tunnel area of numerous and
extensive bodies of schist mapped as Fitchburg granite raises the question of

origin of the granite itself. Was it formed, as most granites are believed to

have been, by simple crystallization of an igneous material or magma, or is it,

instead, a mixed and variable product made up in part of simple introduced or

eruptive magma and in part of absorbed masses of older rock? The mode of

occurrence of these schist bodies seems to have a bearing on this question.

These masses are so uniform in orientation and their internal structure matches
so well that they give the very definite impression of having been but little dis-

turbed. As previously stated, most of the contacts are gradational in character

and the foliation structure of the granite is essentially continuous and con-

sistent with that of the nearby schist bodies.

A close genetic relation is indicated between the streaked structure of the granite

mass and the foliation structure of the schist, which suggests that the structure

seen in the granite may have been inherited from the schist. This could happen
if a mass of schist were so thoroughly granitized that more than three-fourths of

its volume was composed of granitic constituents. It could happen also if a

schist body were digested and absorbed by an invading granite without complete
redistribution of the constituent elements. In this case the micas would still

remain in part in the same general structural relation. Both processes are be-

lieved to have operated in some of this material and caused the streakedness

within the granite.

A large portion of the Fitchburg granite preserves, somewhat crudely to be
sure, the structure of the schist which originally occupied the same place. In

other words, the foliation in the granite is chiefly an inherited structure which
marks the major structure lines of the schist masses that were invaded, absorbed

and replaced (Plate 10). It is realized, of course, that some of the streaked

structure is probably due to movement of the granite mass after crystallization

had begun, although these movements seem to have followed the chief lines of

deformation in the invaded rock series.

The general deformation of the region, preceding the granite invasion, may be

worked out from these inherited structures. A study of the field occurrence of

the two rock types, schist and granite, together with their structure, mineralogy

and gradational features, suggests several stages in the formation of the granite

which are here summarized.
Before the invasion of the granite the geologic column was represented by a

thick series of rocks consisting partly of the Crimfield-Paxton-Ware series.

Deformation of these sediments was accompanied by, or closely followed by,

encroachment of a large granitic body. Advance of the highly fluid granitic

magma or rock solution was greatly facilitated by certain zones of weakness
developed by this deformation, especially in the area between Shafts 1 and 2,

where there is preserved even now a strong vertical or down-foldinp in the gra-

nitic structure. It is here that granitic soaking and injection was most intense

as indicated by either displacement or complete granitization of the original rock.

Facilitating this process was the breaking, from the lower members of the rock

series, of blocks which foundered and were more or less completely absorbed in

the granitic magma. This. process, accompanying continued down-folding and
faulting, created the main channel for encroachment of the granite magma.
Further extension of the invasion was accomplished largely by lateral penetra-

tion and soaking. Numerous smaller feeders from below distributed over a

large area must have added greatly to the supply of magma.
Small openings and potential weaknesses in the strongly foliated rock provided

sufficient space for the highly fluid feldspathic magma which worked its way into

the schist both by this means and by a gradual process of replacement. Thus
there were developed multitudes of small feldspar and quartz lenses as well as

thin streamers made up of mineral aggregates of the same composition, all of

which have been described in more detail elsewhere in this report.

In the earlier stages the biotitic aspect of the rock was dominant over the

feldspathic and the appearance must have been similar to a banded or injection

schist or gneiss. Further injection and soaking increased the igneous content
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until these constituents were dominant over those of the original schist. This

theory is supported by the occurrence within the granite of schist exhibiting

essentially all of these features. Remnants of the schist can be seen accurately

oriented and unreplaced grading into completelj^ granitized rock with only

traces of the same orientation.

In a more advanced stage the rock was completely granitized and appeared
as a slightly foliated and sometimes even massive biotite-muscovite mica granite.

It is possible also that large portions of the present granite masses originated from
direct cr5'^stallization of the invading magma, but granitization of the older rock

is believed to account for equally large proportions.

The less extensively granitized and injected bodies of schist associated with

the granite represent the more dense and massive beds such as the quartzitic

varieties interbedded with the original biotite schist. The pore space in such

rock was comparatively^ small, and beds of this massive type yielded very little

during deformation, so that slight opportunity was provided for the granitic

juices to work their way into these portions.

Structural Features

A great variety of internal structures are exhibited by the rocks. Some of

these structures are due to igneous injection and have been described elsewhere

in this report. Others, such as bedding and sedimentation lines, are original.

Still others are of metam.orphic origin and raise questions as to the conditions

and processes that could have produced them. Of these structures the most
characteristic is that of foliation, which is developed throughout the schists and
a large part of the granite formations.

Foliation and Bedding

In the construction of a geologic section to show the relation of the formations

penetrated by the tunnel special attention was paid to all structural features

which might have a bearing on the relation of foliation to original bedding. The
close parallelism found to exist between original bedding or sedim^entation lines

and the present foliation m.ust be the result of subsequent metamorphism. This
conclusion has also been reached by others^ who are familiar with the formations

in central Massachusetts and their counterparts in eastern Connecticut.

The bedding planes of the small but distinguishable interbedded layers, com-
posed of different mineral quality, are parallel to the present foliation structure

of the schists. This is true of the micaceous and quartzitic beds in the Brim-
field, Ware and Brimfield-Ware formations, of the limestone beds in the Ware
schist, and the garnetiferous beds in the Brimfield-Ware schist and of the thin

mjicaceous and calcareous layers and streaks in the Paxton formation. A graphi-

cal check of the general conformity of the bedding and foliation structure, ob-

tained by plotting the inchnation of the foliation lines as if they were true bed-
ding planes, showed a general conformity between the boundaries of the several

formations and the expected general structure.

In the recrystallization of such great bodies of schist it is rather striking that

the foliation structure should conform so closely to the original bedding of the

sedim.ents from which they were made. This is surprising because of the flat-

lying attitude of these formations throughout long stretches of the tunnel. It

is difficult to see how this condition could have resulted if recrystallization of the

schists were due chiefly to intense metamorphism resulting from the strains in-

duced by deformation. The gentle folding of the whole rock series over exten-

sive areas could have accounted for only a small amount of differential internal

movem.ent. The recrystallization of the schists is believed to have been caused

more by them etam.Orphic action of subjacent and invading igneous bodies, than
by m^etamorphism resulting from movement or regional deformation.

1 Callaghan, E. C, A Contribution to the Structural Geology of Central Massachusetts, Annals of

the New York Academy of Science, Vol. 33, pp. 43-46.
Eice, Wm. North, and Gregory, Herbert E., Manual of the Geology of Connecticut, State of

Connecticut, Geological and Natural History Survey, Bulletin No. 6.

Loughlin, G. F., The Gabbros and Associated Rocks at Preston, Connecticut, U. S. G. S. Bulletin
492, 1912, pp. 24-25.
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Thickness of Formations

Data pertaining to the measurement of formations is of interest to both the

geologist and the engineer. To the geologist such information is essential to the

grouping of rocks into formational units and to an understanding of the geology

of a region. The solution of problems pertaining to correlation of the formations

in one area with those in another, and to the interpretation of the deformation

and structure of formations is also partly dependent upon such data. In a

glaciated region, such as central Massachusetts, underlaid by metamorphosed
igneous and sedimentary rocks, it is often difficult to obtain even an approxi-

mate estimate of the formational thicknesses.

The excavations exposed several formational contacts which were' located

accurately, thus defining the extent of the rock formations in the tunnel, and,

by construction of the geologic section shown in Figure 8, the thicknesses of

the several formations were estimated. The estimates of the Paxton formation

are considered to be particularly reliable as all four contacts of the three mem-
bers were located. Inaccuracies in estimates of this kind may be due to several

causes, chief of which is the uncertainty of the amount of increase or decrease in

the thickness of strata resulting from folding and faulting.

A significant feature of the geologic section is the marked decrease in thick-

ness of the Paxton formation from east to west. The fact that the Paxton
schist was not again recognized in the tunnel for the remaining eleven miles is

not surprising as the great amount of igneous injection in several stretches farther

west, especially in that of the Coys Hill granite, could have changed the appear-

ance of the formation beyond recognition. In this connection it is of interest to

note that Emerson' considers the Quabbin quartzite, outcropping farther west

in the Swift River Valley, as the equivalent of the Paxton schist.

The term "apparent thickness" in the tabulation of thickness of formations

shown below means the thickness of the formations from one formational

boundary to another. This measurement does not take into account varia-

tions produced by folding and faulting. By "actual thickness" is meant the

estimated extent of the original formation when its deposition as a sediment was
completed.

Lateral Extent and Estimated Thia
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tional biotite schist formation designated as the Ware schist. The schists east

of Shaft 10 and in the vicinity of Shaft 11 are of a higher garnet content and
darker color than the less garnetiferous brown Brimfield schist east of Shaft 4 and
between Shafts 8 and 9. Because of their garnet content the garnetiferous

schists of the Ware-Brimfield formation are believed to be more closely related

to the Ware formation than to the Brimfield formation.

The continuous westerly dip of the foliation between Shaft 8 and the portal

may be due to closed or isoclinal folds overturned toward the east. The westerly

dip of the foliation structure of schist strata within the Hardwick granite and
Monson granodiorite is not at variance with this interpretation as the structure

in these formations has been inherited in much the same manner as in the Fitch-

burg granite. Some of the streaked structure in these rocks may be due to

movement of the igneous mass during and after crystallization, but these move-
ments followed the chief lines of deformation in the invaded rock series.

The geologic section through the metamorphosed sediments, west of the main
body of Wachusett Reservoir and east of the Stillwater River, where the struc-

ture is too plain and simple to be questioned, shows a simple anticlinal and syn-

clinal structure in which a phyllite conformably overlies a phyllitic quartzite.

This relation was found long ago by Emerson and Perry, ^ who mapped the

phyllite as the Worcester phyllite and the phyllitic quartzite as the Sterling

quartzite, which was later named Oakdale quartzite by Emerson. Completion
of the section between the Stillwater River and Shaft 2 involves several possible

interpretations of the geologic structure, a discussion of which follows.

Age and Formational Relations

An understanding of the structural and metamorphic relations of the Worces-
ter phyllite and Oakdale quartzite, as recognized by Emerson, to the schists

in the areas farther west requires a review of the discussions pertaining to the age

relations and genesis of these rocks as given by previous workers in this field.

Emerson and Perry, ^ with the cooperation of David White, have established the

age of the Worcester phyhite at its type locality, the Worcester "Coal Mine,"
as Carboniferous, and because of its conformable relation with the Oakdale
quartzite, they have concluded that the quartzite also belongs to the Carbon-
iferous. Emerson^ states that "The Worcester phyllite is Carboniferous, for it

contains Lepidodendron and several species of ferns at the Worcester 'coal

mine.' . . . The Oakdale grades into the overlying Worcester phyllite by an
easy transition, without visible unconformity or interruption. . . . The con-

clusion that the Oakdale quartzite is of Carboniferous age is greatly strength-

ened by the fact that it and the Worcester phyllite are closely folded together.

, . . Another reason for believing that the two formations belong to the same
geologic period is that they are cut by the same set of igneous rocks."

Emerson considers that the Brimfield and Paxton schists are also of Carbon-
iferous age and contends that the former is simply the metamorphic equivalent

of the Worcester phyllite, the Boylston schist being an intermediate type between
the Worcester and the Brimfield, and that the Paxton is a metamorphic equiva-

lent of the Oakdale quartzite. He further states* "The reason for extending the

Carboniferous area to include the highly altered rocks that are correlated with

the Oakdale and Worcester is that, even though those rocks are much more
metamorphosed, every effort to find boundaries separating them from the less

altered rocks of undisputed Carboniferous age in the Worcester area has failed. . .

". . . not only does the great increase of granite northeastward and westward
from the Worcester area furnish a sufficient explanation for the increased meta-
morphism of the sedimentary rocks, but also the metamorphism is just the sort

that such granite should produce. . .
." It is now intended to test this opinion

in the light of new and more complete geologic information obtained by study of

the rock formations penetrated by the Quabbin Aqueduct. The chief elements

involved will be given in the form of alternative interpretations of the struc-

. 1 Perry, J. H., and Emerson, B. K., The Geology of Worcester, Mass., 1903, p. 43.

'Perry, J. H., and Emerson, B. K., op. cit., p. 29.
'Emerson, B. K., op. cit., p. 77.
* Emerson, B. K., op. cit., pp. 77-78.
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tural attitude of the formations. The first three of these have already been

presented by Callaghan.^

Interpretation I — Based on Emerson's Conception of Equivalence of Formations

Assumptions— Simple Structural Relation

All of Carboniferous Age

Brimfield Schist = Boylston Schist = Boylston Schist

Upper Paxton Schist = Phyllitic Qaartzite = Phyllitic Quartzite
Middle Paxton Schist = Phyllite = Worcester Phyllite

Lower Paxton Schist = Quartzite = Oakdale Q\iartzite

Ware Schist = ? = ?

This interpretation is based on Emerson's view that the Paxton and Brim-

field schists are metamorphic equivalents of the Carboniferous Oakdale quartzite

and Worcester phyllite, and that the simple types of the Worcester strata grade

into the more complex metamorphic types of the areas to the west. Emerson was
not aware of the fact, which has now been estabUshed, that the schists west of the

Worcester strata occur in more than two formations, that the Paxton schist is

composed of three m.embers, and that the Brimfield type occurs in two thick

formations, called here the Brimfield schist and the Ware schist. Figure 9 shows

the geologic section based on this hypothesis of equivalence of formations. In

the section the phyllite, or presumed Worcester phyllite, is shown as grading into

the middle member of the Paxton schist, and the quartzite, or presumed Oakdale

quartzite, as grading into the lower member of the Paxton schist.

The Brimfield schist of Shaft 3 is carried through the granite area of Shaft 2,

the foliation of the latter being considered as inherited from the original structure

of the schist. The Boylston schist is correlated, then, with the lower part of the

Brimfield.

Although this is one of the simplest explanations, there are difficulties in its

acceptence at full face value, just as there are in all of the simpler explanations

assuming equivalence of the two sets of formations. It should be stated that this

structural interpretation, with the single exception of the equivalence of forma-

tions, does not conform to the ideas of Emerson and Perry, who concluded that

the structural relations of the rocks are more nearly like those presented in Inter-

pretation III, shown graphically in Figure 11. The great resemblance, in some
respects, of the schists to more ancient rocks has led to consideration of alterna-

tive hypotheses given as the last three of the group.

Inteepbetation II— Based Partly on Emerson's Conception of Equivalence of Formations

Assumptions— Repetition of Strata by Faulting

All of Carboniferous Age
Brimfield Schist = Boylston Schist = Worcester Phyllite
Upper Paxton Schist = Phyllitic Quartzite = Oakdale Quartzite
Middle Paxton Schist = ? = ?

Lower Paxton Schist = ? = ?

Ware Schist = ? = ?

This interpretation is based partly on the premises of the previous one, that the

schists of the tunnel are the metam.orphic equivalents of the Carboniferous Wor-
cester phyllite and Oakdale quartzite. The distribution of rock types, as re-

vealed from surface exposures, indicates a narrow strip of phyllite between the

quartzite of the anticline and the phyllitic quartzite of the tunnel adjacent to

Shaft 1. This repetition of strata, as indicated in Figure 10, could be brought
about by a normal fault in the vallej^s now occupied by the upper part of the

reservoir, Stillwater River and Maiden Brook.

Interpretation III— Based Partly on the Conception of Emerson and Perry of the
Equivalence of Formations

Assum.piions— Repetition of Strata by Folding

All of Carboniferous Age
Brimfield Schist = Boylston Schist = Worcester Phyllite
Upper Paxton Schist = Phyllitic Quartzite = Oakdale Quartzite
Middle Paxton Schist = ? = ?

Lower Paxton Schist = ? = ?

Ware Schist =7 = ?

This interpretation is based upon the conceptions of Perry and Emerson^ that

the Brimfield and Paxton schists are metamorphic equivalents of the Carbon-

1 Callaghan, E., op. cit., p. 70.

'Perry, J. H., and Emerson, B. K., Geology of Worcester, 1903. pp. 148-149.
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iferous Worcester phyllite and Oakdale quartzite, and also that, west of the Oak-
dale arch or anticline, these strata occur together in closed and partly overturned

folds. A development of the structure from this premise would correlate, there-

fore, the Worcester phyllite with the Boylston and Brimfield schists, and the

Oakdale quartzite with the phyllitic quartzite of the tunnel and the upper Pax-
ton member. Such an interpretation would mean that the narrow strip of

phyllite on the west limb of the anticline is an intensely squeezed portion or syn-

cline of the Worcester phyllite. Minor folds and fault structures within the

phyllite and quartzite indicate a thrust action from the west. This is further

indicated by the minute folding and crumpling of the phyllite and by the minor
overthrust relations found at a few points in exposures located along the north

shore of the Wachusett Reservoir.

This alternative interpretation, shown in Figure 11, and originally presented

by Emerson and Perry, appears to satisfy the structural requirements as fully as

any, if the basic assumptions of geologic age and correlation of formations are

correct.

Dissenting Views Concerning Geologic Age and Genesis of the Schists

Geologists, who have studied the geology of this area in the field, are not in

agreement as to the age relations of the uncertain schists and the proven Carbon-
iferous phyllite. East of the Worcester sediments there occurs a belt of injec-

tion gneisses and schists containing masses of Paxton and Brimfield schist and
composing a formation referred to by Emerson as the Bolton gneiss. Regarding
the principal parts of this formation he states^ "... the Oakdale quartzite and
Worcester phyllite formerly extended eastward over the area . . . the 'Bolton'

gneiss and associated rocks as a whole . . . represent those formations, folded

and partly metamorphosed to the Paxton and Brimfield schists, and . . . form
the cover, now greatly eroded, . . . into the lower part of which the Andover
granite was intruded.

". . . therefore, the whole complex . . . (except, possibly, a few small in-

cluded masses of limestone) ... is of Carboniferous age.

"Messrs. Keith and LaForge, on the other hand, have come to a radically

different conclusion. . . . They agree ... in believing the Andover and Ayer
granites to be of late Carboniferous or post-Carboniferous age, . . . and in the

view that the 'Bolton' gneiss represents a folded cover . . . into which the

Andover granite was intruded, and that the intrusion was in part contemporane-
ous with the latest folding of the rocks.

"They doubt, however, that the Worcester phyllite and Oakdale quartzite

ever extended eastward to any great distance over the area occupied by the

gneisses . . . that the chemical and mineral composition of the 'Bolton' gneiss

is sufficient evidence to warrant the conclusion that it was derived from a rock
like the Brimfield schist; and that the Paxton schist, or at least a great part of

the rock so mapped, was ever derived from the Oakdale quartzite by any kind of

metamorphism. . . .

"They believe that the sedimentary part of the unnamed gneisses and schists

is very much older than Carboniferous and probably pre-Cambrian ; that the

much deformed and sheared associated igneous rocks . . . are very much older

than the Andover and Ayer granites and are also probably pre-Cambrian ; and
that the whole complex was first folded . . . probably in pre-Cambrian time, at

any rate long before the deposition of the Carboniferous strata or the intrusion

of the younger granites.

"The principal facts ... on which they base their conclusions as to the age
of the rocks are as follows: the strong resemblance ... of some of the . . .

schists to rocks in other parts of the State which are generally admitted to be
probably pre-Cambrian; the greater deformation, greater alteration . . . and
the general appearance of greater age of the sedimentary schists as compared
with strata that are undoubtedly Carboniferous . . . and the fact that a great

part of the deformation and alteration of the . . . gneisses and schists appears
to antedate the deposition of the Carboniferous strata and the intrusion of the
j^ounger granites."

' Emerson, B. K., op. cit., pp. 86-89.



P.D. 147 31

The evidence indicates that the schist formations of the tunnel represent the

metamorphic facies of an ancient series of sedimentary rocks, and that, after a

long interval of time, the Carboniferous strata were unconformably laid down
upon them. This view is in agreement with Messrs. Keith and LaForge. Con-
clusive proof of any particular theory is lacking. When the Quabbin project

was begun it was thought that construction of the tunnel would surely solve this

geologic riddle for it transects the disputed zone where one rock series was sup-

posed to change into the other. Unfortunately, despite the fact that this

ground was laid open to view and was subjected to inspection inch by inch for

many miles, the case is still a subject for interpretation rather than direct

observational proof, principally because the Fitchburg granite has invaded the

critical zone where such a change would have taken place and appears to have

destroyed the evidence.

Interpbetations IV AND V—• Based on Conception op Different Ages

Assumptions — Different Ages, Thrust Faulting and Igneous Invasion

******* = Igneous invasion ]

(Fitchburg granite) [•Late Carboniferous Age
»###### = Overthrust fault J

Worcester phyllite = Boylaton schist 1,-. u •,: a

Oakdale quartzite = Phyllitic quartzite j Carboniferous Age

= Uncpnformity

Brimfield schist = ? 1

Paxton schist = ? |-Pre-Carboniferous Age
Ware schist = ? i

These two interpretations assume that the Paxton, Brimfield and Ware schist

formations represent an ancient series of rocks which were somewhat meta-

morphosed and deformed before the much younger Carboniferous strata were laid

down. These younger rocks were unconformably deposited on an eroded sur-

face which cannot now be traced. The whole double series of formations was
then folded and faulted after which the Fitchburg granite invaded the deformed
rocks and destroyed most of the structural evidence of these steps. In this view

the Fitchburg granite mass occupies the disturbed ground where at one time the

older crystalline schists were thrust up and over the younger sediments.

The presence of schist remnants in the tunnel for several hundred feet west of

the Fitchburg granite-Boylston schist contact is not at variance with this inter-

pretation and maj^ support it. The foliation in the granite, and that of the

included bodies of schist, is steeply inclined throughout the adjacent section.

This structure has been interpreted as the inheritance of a down-drag or fold in

the original roof or cover formed by the Brimfield schist. After the Carbon-
iferous sediments had been deposited the rocks were folded and finally faulted,

the younger sediments being ultimately crowded over and forming local folds.

During the latter stage of deformation the thrust further developed the down-
fold in the Brimfield schist and the simultaneous invasion of the granitic m_agma
from below further weakened the strata and tended to obscure and destroy the

structural detail. Either one of the two structures shown in Figures 12 and 13

could have developed under these conditions. Under one alternative the

younger sediments were deformed into closed or isoclinal folds in which no
further release from strain was possible and over which the Brimfield schist

was thrust. This possibility is indicated by Figure 12. Under the other alterna-

tive isoclinal folds developed in both the ancient and younger strata, which were
finally overturned, and two thrust faults developed. Either one of the two alter-

natives, fault or isoclinal folding, accounts for the apparent repetition of strata

east of Shaft 1.

The conformable relation of the Boylston schist and phyllitic quartzite of the

tunnel is beyond question. The same applies to the phyllite and quartzite

mapped as Oakdale quartzite and Worcester phyllite in the area north of the

Wachusett Reservoir through which the geologic section of the tunnel has been
extended. A principal difficulty in the problem of geologic age and interpreta-

tion of structure is the isolated occurrence of the Worcester "Coal Mine" out-

crop, from which the age of the Worcester phyUite formation has been deter-
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mined by fossil evidence. Callaghani has previously recognized the fact that

the large section of less carbonaceous phyllite of the geologic section is north of

the highly carbonaceous and graphitic "Coal Mine" outcrop. On the basis of

having a similar lithology, with the one exception of carbonaceous material, he
prefers to correlate the fossiliferous phyllite of the Worcester "Coal Mine" with
the phyllite of the geologic section.

A new approach to the solution of these age problems has recently been made
in the determination of the geologic age by means of chemical data obtained in

analyzing certain radio-active minerals found in some of the igneous rocks

intruded into the schists both in Massachusetts and Connecticut. For example,

Lane^ has recently reported the results from a micro-chemical analysis of the

mineral uraninite found in the Fitchburg quarries in Fitchburg, Massachusetts.

From this data he estimates the granite to be much older than late Carboniferous

and probably of late Ordovician age. By using a similar method Foye^ has
found the pegmatite intruding the Bolton schist formation of Connecticut to be
of Devonian age. As mapped, this Bolton schist formation is equivalent to the

Amherst and the Irving schist formations of Massachusetts, the Amherst being

equivalent to the Brimfield or the Brimfield-Ware formations of the tunnel.

It should be noted in the interpretations presented so far that the Fitchburg

granite invasion is considered to have occurred during the latter part of the Car-

boniferous period. Such an age relation for this formation cannot as yet be
abandoned in favor of an older age based on chemical data.. The chemical de-

terminations suggest, however, that the igneous rocks throughout the area are

not all of the same age, and that the same may be true of the schist formations.

The sixth interpretation, which follows, is based on a concept radicallj^ differ-

ent from any yet proposed. The viewpoints presented cannot as yet be defi-

nitely proven because they are based only on reasonable inference.

The schist rocks appear to be considerably older than the age previously as-

signed to them and the evidence also indicates a greater age for some of the

igneous rocks.

Intekpbetation VI— Based on Conception op Different Ages
Assumption?— Different Ages, Thrust Faulting and Igneous Invasion

Worcester phyllite = Fossiliferous Worcester 1

"Coal Mine" outcrop ^Carboniferous Age
Oakdale quartzite = Oakdale quartzite J

= Unconformity

******* = Igneous invasion 1

(Fitchburg granite) yPre-Carboniferous Age. (Late Ordovician Age?)
#tfS#4tS# = Overthrust fault J

Brimfield Schist = Phyllite (of section) 1

Paxton Schist = Phyllitic quartzite and [Pre-Carboniferous Age
quartzite (of section) (Ordovician Age?)

Ware Schist = Boylston schist J

This interpretation, illustrated in Figure 14, is an attempt to reconcile the

apparent conflicting data of an older age for the Fitchburg granite and the schist

formations with the structure and distribution of strata, shown in the geologic

section, in proximity to rocks of Carboniferous age. The chief feature is the

separation of the phyllite of the Worcester "Coal Mine" outcrop from the less

carbonaceous phyllite of the tunnel section extended. The stratigraphic sec-

tion east of Shaft 1 is then seen to consist of a metamorphosed quartzose sedi-

ment over and underlaid by metamorphosed argillaceous sediments. This
section is similar to that represented by the Brimfield-Paxton-Ware schist series

farther west. These rocks were deposited, metamorphosed, deformed, invaded
by granite and eroded long before the Carboniferous period, at which time the

fossiliferous Worcester phyllite and underlying quartzite were deposited.

The last three interpretations are based partly on a thrust fault relation be-

tween the schists west of the Fitchburg granite and the phyllite and quartzite

strata between this granite and the composite formation mapped as "Bolton"

1 Callaghan, E., op. eit., p. 69.
» Lane, A. C, Age of Fitchburg Granite, Science, Vol. 78. No. 2028, Nov. 1933.
s Foye, Wilbur G., Private Communication to Chas. P. Berkey, June 22, 1933.
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gneiss and included schist. Emerson^ has inferred such a relation on the Pre-

liminarj^ Map of Massachusetts and Rhode Island on which he has drawn a line

indicating a possible fault extending from near East Woodstock, Connecticut,

to South Charlton, Massachusetts. In this area the Paxton schist is mapped
in contact with the Oakdale quartzite. Extension of the fault further north is

not indicated but the outline of the Ayer granite mass in this vicinity suggests

igneous intrusion along a weakened zone resulting from such deformation.

Emerson, Keith and LaForge are in agreement as to the late Carboniferous age

of the A^^er granite, which view does not conflict with the relations suggested

here.

Relation of Construction to Geologic Conditions

In all underground excavation work it is expected that different rock formations

will behave differently; better progress can sometimes be made in one formation

than in another; one formation is apt to be less treacherous or less inclined

to cave, or contains less water, or requires less timbering, or in any number
of other ways behaves better than a neighboring formation. During construc-

tion of the Quabbin Aqueduct related construction and geologic data, of which
the following is a summary, were gathered.

Scaling of Hard Rock

In general the quality of rock in the several geological formations was found

to be highly suitable for tunneling operations, and although the rocks are of

several different types they are generally of a fairly uniform quality and required

very little attention after blasting, other than the usual amount of inspection.

A few exceptions deserve comment, however. Excessive scaling of the tunnel

arch throughout nearly the entire west heading of Shaft 4, in the Paxton schist

formation, constituted a serious menace to safety and threatened to delay the

progress of excavation. When the heading had been advanced to a point about

3,800 feet from the shaft, slabs of rock began to fall from the tunnel arch. The
condition was most serious in the stretch of tunnel extending from 2,400 feet

from the shaft to the heading. The fundam.ental cause of this behavior was what
is known as "air slacking," a condition brought about by the action of air and
moisture upon the constituents of the formation. Developing with the lapse

of time, the difficulty first attracted serious attention when the easterly end of

the section had been exposed to the air for about three months.
Certain peculiar mineral and structural characteristics of the rock were princi-

pally responsible for the scaling. The Paxton schist throughout this trouble-

some stretch is finely laminated and arranged in thin beds which have a general

low dip toward the east. The rock is broken by two sets of joints, along which
there has been slight movement, into large and small angular blocks and slabs.

Both sets of joints were faced with a thin coating of carbonate, chiefly calcite,

sometimes associated with iron sulphide minerals. Exposure to the air over a

period of time caused oxidation of the sulphide minerals and softened the car-

bonate, thereby loosening the bond between separate blocks.

This troublesome condition was successfully overcome by the application of

two and sometimes three coats of Portland cement mortar shot onto the rock

surface as "gunite." Each coat was about 3^ inch thick and was applied in such

a manner as to seal all cracks and joints from the air.

A section of tunnel at Shaft 2 also caused considerable concern and necessi-

tated more watchful attention than was generally given in the routine of in-

spection. This section, which was excavated in the Fitchburg granite where the

foliation structure is vertical or nearly so, developed excessive scaling in the arch.

This scaling, however, was caused by somewhat different conditions from those

responsible for scaling in the Paxton schist. Scaling of the rock in this case was
due to confined strains, which, when relieved by excavation, developed hori-

zontal fractures, allowing slabs to fall from the roof. This condition is often

called "popping rock." The dangerous situation resulting from this behavior

was gradually eliminated by constant attention and prying loose of slabs formed
by newly developed cracks.

'Emerson, B, K., op. cit.
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Timbering of Soft Rock

The lengths of tunnel requiring timber support and those where guniting was
necessary for the correction of "air slacking" are as follows:

Length of Tunnel Per Cent of

Feet Total Length

Permanent timber support . . . ... . 1,971 1.5

Temporary timber support ...... 529 0.4
Gunite protective coating ...... 12,046 9.3

Many intrusions of pegmatite, or coarse granite, in the Brimfield formation
established conditions causing alteration and gradual decay of the adjacent mica-
ceous schist. Narrow openings and partings along the foliation or bedding
planes served as water courses so that the formation as a whole was affected,

some portions becoming very soft. Throughout the worst of such sections, tim-

ber support for the tunnel roof was necessary (Plate 12\ In other stretches

gunite was sufficient to stabilize the rock.

Excavation was carried through several zones of crushing and close jointing

without any abnormal behavior of the rock. At some points, however, such
conditions were responsible for considerable overbreakage on the sides and in

the arch. Timbering was constructed in some of these sections, especially where
removal of loose blocks did not remedy the condition of "popping rock." In a
short stretch of tunnel near Shaft 12 the rock presented considerable difficulty

due to its tendency to develop pressure and move into the excavated space.

This condition was due to crushing of the rock and extreme alteration of the feld-

spar constituents to clay.

Ground Water Circulation

Crystalline rock is normally too dense to allow much water circulation, but
if such formations are heavily jointed or deeply fissured, or if they are badly
broken or crushed by faulting, they may become heavy water bearers and give

much trouble. It was noted during construction that water leakage was con-
fined mainly to such structures, which in some cases were developed parallel,

or nearly so, to the foliation or bedding of the rock. Small openings along the
foliation of the Brimfield and Ware schists allowed a slight but continual seepage
of water so that these formations always presented a moist appearance. The
other formations of the tunnel area had, by comparison, a very dry aspect except
in the vicinity of fractures.

The wettest single stretch in the easterly portion of the tunnel occurred
between Shafts 7 and 8, in the Ware schist formation, most of the leakage being
confined to the section within one mile of Shaft 8. The second largest water
bearer was the Brimfield schist, the larger part of the leakage from which entered
the tunnel in the vicinitj/ of Shaft 3. Although water coming from the Brimfield
and Ware schist formations was not confined to any particular type of channel
there appeared to be some relation between the amount of water and the occur-
rence of granite intrusions. These igneous intrusions considerably altered the
minerals of the schistose rock, especially adjacent to the contacts. Either rock
decay has helped to develop fissures sufficient in extent to carry considerable
quantities of water or the fissures were developed from deformation and en-

couraged both water circulation and consequent decay.
The major portion of leakage from the Paxton schist formation and the Fitch-

burg granite formation was confined to fissures, several of which were found to be
lined with calcite crystals. At other points leakage occurred largely from joints.

These channels, upon bein^; reached by the heading, yielded considerable quanti-
ties of water over a short period and at times temporarily placed rather heavy
loads on pumping facilities. After a while, however, the water was depleted
and for the remaining construction period the leakage either continued at a
greatly reduced rate or else stopped entirely.

The wettest section in the westerly portion of the tunnel was the stretch be-

tween Shafts 10 and 11 where excavations were carried through the Hardwick
granite formation in which leakages were confined to fractures occurring as joints

or as openings parallel to the foliation structure.
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Hardness of Formations as Shown by Drilling Speeds

The relative hardness of the several rock formations is shown in Table 1 under

the heading "Speed of Drilling." This data represents typical conditions en-

countered and indicates a wide range in drilling behavior. By far the softest

formation was that part of the Brimfield schist.occurring throughout the tunnel

at Shaft 9 and in portions of the tunnel at Shafts 10 and 1 1 . The behavior of the

Brimfield formation in this respect was rather striking; throughout most of its

extent the high mica content and general soft condition, due chiefly to altera-

tion of minerals and subsequent weathering processes, was conducive to fast

drilling. The portion of this formation extending throughout the east heading

of Shaft 4 was considerably harder because of the great number of quartzite beds

and granitic bodies.

The hardest formations, with the exception of trap rock, were the Hardwick,

Fitchburg and Monson granite formations and the Oakdale quartzite. The
Hardwick granite in some sections was a trifle harder than the other two granites.

In general these rocks were about three times as hard to drill as the Brimfield

schist. Between the extremes of hardness represented by these formations

there was a rather uniform hardness represented in the several rock types

of the Boylston, Paxton and Ware formations. Of these types, the more
quartzose varieties of the Paxton schist, which constitute about two-thirds of

the formation, were most uniform in hardness. But for the widespread intru-

sions of granite into the Ware schist, this formation would have been as soft as

some portions of the Brimfield formation.

Methods of Tunnel Excavation

A description of the methods used in tunnel excavation^ is included in order to

supplement the data presented in Figure 15 and Table 1. This data concerns

only the performance attained after permanent tunnel equipment had been

installed by the contractors. The short stretches of tunnel excavated with

equipment used in shaft sinking are shown on Figure 15 in solid black along the

lower part of each progress chart adjacent to the shafts and are not considered

in this discussion. Shaft 3 was eliminated as a construction shaft soon after

construction began under the major contract for constructing the easterly half

of the east portion of the tunnel and only a short stretch was excavated from
Shaft 1. The contractor completed the excavation between Shafts 1 and 4 from
Shaft 2.

At Shafts 2 and 4 and 9 to 12, inclusive, the full-face method of excavation was
used. At the first two shafts advancement of tunnel headings was carried on

continuously by drilling and mucking crews, which worked on a daily schedule of

three eight-hour shifts. The work was so arranged that while blasted rock was
being removed from one heading the other heading was being drilled. By this

plan the contractor hoped to obtain four advances in one day and five the next.

Two ten-hour shifts were employed at Shafts 9 to 12, inclusive, where the num-
ber of advances in one day was seldom under four, and at times reached five.

At Shaft 12, where excavations were carried on in only one heading, three ad-

vances were often made but in order to do this the crews were required to work
overtime.

The heading and bench method of excavating was used in the headings of

Shafts 5 to 8, inclusive, where the work was organized on a basis of two ten-hour

shifts in such a manner as to produce two rounds of excavation in each heading

per day. Under this plan drilling and mucking operations were carried on to-

gether.

After using this scheme in the headings at Shaft 7 for a while the contractor

adopted a modified plan in which drilling and blasting of each heading and bench

was accomplished during one shift and mucking during the other. The depth of

holes was increased to 10 feet, and blasting was done in two operations, the cut

' Several accounts concerning construction of the Quabbin Aqueduct have been published, a few
of which are listed as follows:

"Construction of W^achusett-Coldbrook Tunnels," by Douglas C. Corner, U. S. Bureau of Mines.
"Boston Metropolitan Water Supply Extension," by Karl R. Kennison. Journal of the New

England Water Works Association, Vol. 48, No. 2.

"Constructing a 14-Mile Tunnel for Boston's New Water Supply, " Engineering News Record,
Sept. 11, 1930.
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and bench holes being loaded and shot first. If, upon examination, the rock was
found to have been broken to the full depth required the remaining holes in the

heading were loaded and fired. If, as sometimes happened, the rock was not
broken to the full depth of the cut holes, additional powder was placed in the

bottom of these holes and detonated with the rest of the heading.

Drilling. Drilling of the headings, where the full-face method of excavation

was used, was accomplished from drill carriages designed and constructed by the

contractors. These carriages were provided with all equipment necessary for

drilling the full number of holes. The carriages finally adopted at Shafts 9 to 12

were an improved type of those formerly used, in that the drilling bars, mounting
two upper and two lower drilling machines, were an integral part of the car-

riages. Previous to this installation, and at Shafts 2 and 4, drilling was done
by five drills mounted on two horizontal bars, one upper and one lower, which
were blocked and wedged to the tunnel side walls. The outline of the head-

ings and the location of drill holes are shown in Figures 16 and 17.

Drilling of top headings was accomplished by two drilling machines mounted
on short horizontal arms clamped to two vertical drilling columns, which were
blocked and wedged to the tunnel roof and the bench. Bench holes were drilled

by mounting the machines used in drilling the headings on a horizontal bar which
was located in front of the bench face and wedged to the tunnel sidewalls. A
typical drilling diagram showing the location of holes in the top heading and
bench is shown in Figure 17.

Mucking. At Shafts 2 and 4 and 9 to 11, inclusive, blasted rock was loaded

into steel cars of about 3 cubic yards capacity by means of electric power shovels.

At Shaft 12 the contractor installed a drag-line excavator of his own design and
manufacture. This machine was equipped with a conveyor belt of sufficient

length to allow a full train of five cars, each of 3 cubic yards capacity, to be

loaded without the necessity of switching or bypassing cars. With the power
shovels it was necessary to move empty cars from the front to the rear end of the

train, where the loader could reach them. At Shafts 5 to 8, inclusive, where the

top heading and bench method of excavation was adopted, mucking was ac-

complished by means of mechanical shovels of the air driven type. Hand muck-
ing was used for a short while at Shaft 5 and for a longer period at Shaft 6.

Animal power was employed for hauling trains of three cars each of about 1 %
cubic yards capacity from the heading to the shaft. In headings where the full-

face method of excavation was used hauling was done by storage battery loco-

motives.

Throughout the easterly portion of the tunnel loaded muck cars were hoisted

out of the tunnel by means of balanced cages or elevators. Upon reaching the

shaft platforms at the surface the cars were run off the cages, made up into trains

and hauled to the place of dumping on the spoil pile. Various kinds of motive

power, including electric and gasoline locomotives and animals, were used for

hauling to the spoil areas. At the shafts in the west portion of the tunnel

excavated rock material was dumped into skips similar to those used at some
mines. Upon reaching the top of the shaft the skip was automatically dumped
and the wasted rock material discharged into cars and transported to the spoil

pile. At Shaft 12, due to special requirements, the contractor used motor trucks

for distributing excavated material over a large area.

The average time required for drilling and shooting a round in the several

headings is shown in Table 1. The average time for mucking at Shafts 2, 4, 9

and 10 was from 2^ to 33^ hours, at Shafts 11 and 12, from 3 to 5 hours, and
at Shafts 5 to 8, inclusive, where the top heading and bench method was used,

from 53^ to 63^ hours.

Rock Breakage. Separation of the rock formations into blocks by the occur-

rence of joints or "slips" affected construction operations very little, although in

several places high and wide overbreakages were caused by closely spaced

joints or by the presence of many intersecting smaller fractures, which had been
caused by crushing or other deformation movements within the formations.
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Tunnel Rocks as Aggregates in Tunnel Concrete Lining

In the general vicinity of the Quabbin Aqueduct are large supplies of natural
sand and gravel suitable for use as concrete aggregates. These supplies are
found particularly in the morainal and kame type of deposits located within the
larger valleys, in which modified glacial drift is deposited as shown in Figure 2.

The specifications for tunnel construction permitted the use of suitable ma-
terials from the shaft and tunnel excavations for concrete aggregates. The rock,

with the exception of the soft portions of the Brimfield schist formation extend-
ing between Shafts 9 and 10, and in two short stretches adjacent to Shafts 3 and
11, was found to be suitable for this purpose.
Rock crushing and concreting plants were erected at Shafts 2, 4, 7, and 9 to

12, inclusive. Most of the tunnel spoil crushed at these plants was composed of

schistose rocks which had been rendered harder and more massive by the large

proportion of intruded igneous material. Approximately one third of the spoil

material was obtained from granite formations which were considered suitable

for aggregate material. The mineral content of the various types of schist and
granite, with but one exception, was such as to cause little concern about the
resistance of the crushed material to further alteration or decay when incor-

porated in concrete. Portions of the soft micaceous Brimfield schist excavated
from the headings at Shaft 9 disintegrated rapidly in the spoil pile to a sandy
and flaky rock material. Only the rock from intruded igneous bodies appeared
free from this unstable condition. Consequently, much of the aggregate used
in concrete at Shaft 9 was obtained from a nearby sand and gravel deposit and
from more suitable material at Shaft 10.

Geology of Main Dam and Beaver Brook Dike

The preliminary investigations indicated that a large reservoir could be
created in the Swift River Valley. This reservoir would require construction

of a dam on the main river about three miles below the village of Enfield, sup-
plemented by a dike across the valley of Beaver Brook about three miles north-
east of the dam on the divide between the Swift and Ware rivers.

The Swift River is one of the principal tributaries of the Chicopee River and
drains an area of about 213 square miles above its confluence with the Ware
River at Palmer. It is made up of three branches, two of which, the East and
Middle Branches, unite in the southwesterly part of the town of Greenwich,
about two miles above the village of Enfield, while a third, known as the West
Branch, joins the main river about a mile and a half below that village. The
watershed of the Swift River is characterized by a series of high ridges running
generally parallel in a north and south direction. The middle and upper por-
tions of the valley are occupied by an extensive sandy plain, above the level of

which a number of rocky hills rise from 300 to 500 feet. The Middle Branch of

the river flows in a southerly direction throuth this plain from its headwaters in

New Salem and North Dana. The East Branch, which drains a high and hilly

country in the easterly part of the watershed, enters the plain near its south-
erly end, joining the Middle Branch near the southwesterly corner of the town of

Greenwich. The main river turns abruptly to the southwest not far below this

point and enters the comparatively narrow valley in which the town of Enfield
is situated. The sand plain, however, extends farther south rising gradually
to the broad, low divide between the Swift and Ware River watersheds. This
topographic condition makes construction of a dike necessary if the water
impounded at the main dam is to be retained in the reservoir. Below the point
of confluence of the East and Middle Branches the main river continues through
the vaUey, in which the villages of Smiths and Enfield are located, to its junction
with the West Branch, where it turns south and flows through the wider valley
below.

Conditions at the low point of the divide between the Swift and Ware rivers

northeast of the main dam were found to be unfavorable for the economical
construction of a dam or dike at that point, but a favorable site was located in

the valley of Beaver Brook about a mile south of the divide, where advantage
could be taken of the shorter distance between the side ridges.
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The sites chosen were investigated by a large number of borings' which pro-

vided information regarding the depth to and nature of the rock formations,

the number and size of boulders and the quality of the overburden.

The flow line of Quabbin Reservoir will be at an elevation 530 feet above
Boston City Base. The reservoir will have a capacity of about 415 billion

gallons (1,270,000 acre-feet) and will have a water surface area of about 39

square miles. The flow line will be about 118 miles in length, exclusive of the

shore line of the islands. The average depth of water wiU be about 50 feet.

The westerly arm of the reservoir will extend for twelve miles north of the main
dam in the valley of the West Branch, and the easterly arm for sixteen miles

above the dike in the broad valley of the East and Middle Branches. The
drainage area above the dam and dike is 186 square miles. In addition to the

Swift River run-off the reservoir may store waters diverted at Coldbrook from a

drainage area of 97 square miles of the Ware River, and possible diversions at,

Shaft 2 from a drainage area of 43 square miles of the Quinapoxet River.

Origin of the Swift River Valley

The Swift River system is a development, during pre-historic times, from
three independent but more or less parallel drainage courses; the pre-Glacial

or Tertiary "Muddy," "Beaver" and "Swift" rivers. These are indicated on
Figure 2. The Tertiary "Muddy" River has already been discussed on page 9

of this report.

The Tertiary "Beaver" River drained approximately the same territory as

the present Middle and East Branches of the Swift River. South of Mt.
Pomeroy, its several branches formed a single stream which flowed south

through Beaver Brook Valley, crossed the Ware Valley, and continued south-

ward through Palmer, and entered the well-defined Monson Valley southeast

of Palmer.
The Tertiary Swift River flowed through the valleys of the Swift River West

Branch and the Swift River southward to the Ware-Chicopee Valley, whence
during a part of the time it may have continued by way of the Quaboag Valley

into the Monson Valley.

The rock floors of the Muddy, Beaver and Swift River valleys, in the order

named, are successively lower in elevation. At the lowest point in Muddy
Brook Valley on the tunnel line the rock floor is about 480 feet above sea level;.

in Beaver Brook Valley at the dike site the floor is at about Elevation 290; at

the main dam the lowest point is at about Elevation 267.

The lower floor of Beaver Brook Valley indicates stream erosion over a con-

siderably longer period than in Muddy Brook Valley and leads to the conclusion

that the pre-Glacial "Muddy" River was cut off by the "Beaver" River system

during the earlier part of the Tertiary period. There is no evidence to indicate

that the difference in elevation of the rock floors is due to materially greater"

glacial erosion in Beaver Brook Valley than in Muddy Brook Valley, and,

although glacial erosion had a prominent part in their formation, stream erosion

was a more important factor in first eroding and fixing the general trend of these

valleys.

The final stage in the development of the Swift River was completed when
the "Beaver" River was cut off and captured by the Tertiary Swift River West
Branch through dissection of the divide between the two.

The broad valley of the Middle and East Branches north of the dike is an

interesting and peculiar topographic feature for which certain geologic condi-

tions were partly responsible. The outline of the valley conforms to the bound-

aries of the Monson granodiorite formation which is flanked bj'- schist strata

outcropping in the side ridges. The narrow portion of the valley in which the

dike is located is also the section where the flanking schist rocks are closest.

The topographic expression of the valley and the distribution of the rock forma-

tions is not merely a coincidence, for it seems the first is dependent upon the

latter. Before the Glacial period the rocks were extensively weathered and
decayed. This is particularly true of the granodiorite formation where weather-

ing was greatly accelerated by reason of the steep foliation or bedding structure,

1 Hammond, N. LeRoy, Diamond Drill Borings for the Swift River Dams, Journal of the Boston
Society of Civil Engineers, Januarj-, 1939.
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the coarse grain, the great abundance of feldspathic constituents, and the fact

that it is broken up by several sets of joints, a prominent one of which is nearly

horizontal or at right angles to the foliation. The schist rocks are of finer

grain, contain much less feldspar, and fewer joints, and consequently were
more resistant to weathering and decay. As the glacier advanced southward
in the valley the thick mantle of decayed rock was removed by abrasion, per-

mitting the ice to penetrate into the many cracks and other weaknesses of the

rock and wedging blocks of rock further apart. These blocks were eventually
dislodged bj^^ and carried along in, the glacial ice. The two principal weak-
nesses of the granodiorite, the steep foliation and the horizontal set of joints,

aided this type of erosion or glacial plucking. The schist rocks were better

able to resist this kind of erosion, chiefly because of fewer joints in the directions

more apt to facilitate plucking action.

Detailed Investigations at Main Dam and Beaver Brook Dike

Borings at the sites of the main dam and the dike penetrated bedrock to

depths of at least 15 feet and samples of the overburden were taken at 5-foot

intervals and m some cases more often. These explorations revealed wide,

smooth valleys and showed that the underlying rock was of good quality and
substantial. Its crj'^stalline character was found to be such that no special

construction difficulties were anticipated. The overburden was found to be
thick and porous, substantial enough to support the contemplated structures

but not sufficiently impervious to hold back the reservoir water. The porosity

of the overburden, together with its great thickness, necessitated a type of

construction that would not permit leakage under the structures.

Four concrete exploratory caissons, one at the dike and three at the dam, were
constructed in order to permit more thorough investigation of the qualities of

the overburden, the feasibility and cost of open and pneumatic caissons for

cut-off walls and the possibility of lowering the ground water by pumping.
As the sinking of the caissons progressed to bedrock the drift material was sampled
continuously for purposes of studying its characteristics. From information
obtained by smking these caissons and the subsequent pumping from them, it

was shown that the ground water, which, at the dam site, was approximately
at river level, about 120 feet above the low point of ledge, and at the dike, at
brook level, about 130 feet above the low point of ledge, could be satisfactorily

lowered so that the larger portions of the concrete core wall at each site could
be built in the dry or with very low air pressure and that caisson construction
for use as a cut-off wall was feasible for both sites, providing an economical and
satisfactory cut-off. Such core walls, constructed by sinking and afterwards
joining a series of similar caissons, have been constructed at Beaver Brook dike
and at the main dam.

Detailed investigations of the natural materials adjacent to the sites were
made for purposes of studying their use and behavior in the dam and dike.

Samples were carefully gathered and tested in the Soil Testing Laboratory.
The depth of deposits was determined by borings and detailed observations
were made in test pits and large shovel cuts. In this way deposits were exposed
on a large scale and a better understanding of the range in variety of the materials
obtained.

Glacial Deposits of Beaver Brook and Swift River Valleys

The deposits within the Beaver Brook and Swift River valleys consist chiefly

of modified glacial drift. These are assorted and stratified sand and gravel

with bouldery accumulations. Within these two valleys a relation exists

between the topographic expression of the surface forms and the distribution

and character of the modified and unmodified deposits. In general, the un-
modified drift of the ground moraine which occurs in the higher areas was
deposited directly by the ice with very little if any assorting action by water and
as a result the ground surface throughout these areas is quite regular and the
underlying rock topography conforms roughly to the surface topography. , In
contrast, the irregular surface topography formed by gravel and sand knolls and
ridges, due to the irregular deposition of materials by glacial streams flowing in

channels under the ice or along the front and sides of the ice, is typical of the
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areas in which the modified drift occurs. Parts of the modified drift, especially

in the Swift River Valley, consist of terrace-like deposits which often occur on
both sides of the valley at approximately the same elevations. These terraces

represent deposition between an ice lobe of the receding glacier and the valley

side hill, or in some cases, the remnants of a blanket deposit which was originally

spread over the surface of the valley glacier. As the ice melted, portions of the

deposits slumped and were carried away, leaving those on the sides more or less

undisturbed. These deposits now appear as terraces having flat or gently

sloping surfaces.

The great variation in quality and texture presented by the modified drift, as

well as variations in the structural relations and extent of individual layers,

lenses, and beds, is a direct result of the way in which they were deposited.

Layers of sand or gravel pinch out and change in quality along their lateral

extent. They are overlapped by other layers which differ from them sufficiently

to form a succession of beds, the whole assemblage forming a variably assorted

deposit.

Materials for Construction

Areas upstream and downstream from the dike site within a reasonable haul-

ing distance and which surface conditions indicated might be expected to yield

suitable materials for earth dam construction, were investigated to determine

quantities of overburden available above the ledge, and samples from test pits

and bore holes were taken for mechanical analysis and other tests for suitability.

The materials in each of the probably usable areas were then further investi-

gated by excavating a shovel cut to a face 25 or 30 feet high. The topsoils

available within a reasonable distance were also sampled and tested.

In the upland areas northeast and northwest of the dike topsoils were found

to be available in sufficient quantity to provide impervious material for refilling

the open trench excavation adjacent to the concrete core wall and for preparing

the foundations for the hydraulic core of the embankment above.

Explorations of possible borrow areas for materials for the main dam were
made both upstream and downstream from the site in similar manner to that

employed at the dike. Suflacient quantities of suitable materials were found to

be available for hydraulic construction and there is a suflftciency of topsoils

upstream from the site to furnish impervious filling as required.

The embankment for the main dam will contain about 4,000,000 cubic yards

and that for the dike will require about 2,500,000 cubic yards. The top of the

embankment at both dam and dike will be at Elevation 550, 20 feet above the

normal fuU level of the reservoir.

Cross Section of Valley at Main Dam and Beaver Brook Dike

The data used in preparing the two cross sections. Figures 18 and 19, concern-

ing the glacial overburden at the dam and dike, was obtained by actual observa-

tion and measurements during construction of the caisson cut-off walls. The
sections show the actual number and distribution of large boulders having

volumes in excess of one-half cubic yard.

The terms used in the legend to describe the gravels, which were found to be

extremely variable in texture, refer to the average composition of the sand por-

tions, which often consisted of layers and small beds of fine sand and rock flour.

The materials classed as coarse and medium sand, fine sand and clay, rock flour

and silt, especially the latter two classes, show considerable uniformity in texture

throughout their extent. It will be noted that a large part of the overburden

in each valley is the material designated as gravel containing coarse and medium
sand.

The sand and gravel beds certainly were not all deposited under similar con-

ditions, although they were all laid down during the final stages of glacial reces-

sion when the valleys were being freed of ice. Some of these deposits were

formed while the glacier still remained in the valleys, others, when there was
little, if any, glacial ice left.

The beds of fine sand, clay, rock flour and silt were deposited in shallow ponds
and lakes formed behind temporary dams composed of glacial drift and ice.

The coarser sand and gravel materials were deposited upstream, but the finer
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sediments were carried downstream in suspension, finally settling out to form
fine sand and clay beds which are often laminated. These deposits do not
necessarily represent a single stage of release from glacial ice followed by deposi-

tion, for they could have been, and frequently were, deposited, eroded, and
redeposited before being laid down in their present formations.

Several beds of rock flour, which occur at intervals throughout the vertical

extent of a thick deposit of fine sand, are shown in the cross section of the dike,

Figure 18. These are essentially the same as lake deposits and indicate repeti-

tion of conditions which favored the formation of clay or rock flour bands.

The abrupt change on the east side of the valley from deposits of uniform tex-

ture to those showing great textural variability is due chiefly to the finer grained

sediments having been deposited against a wall of ice and drift which occupied
the middle portion of the valley. The beds of fine-grained material on the west
side and in the upper middle portion of the valley apparently were deposited

in depressions formed by ice blocks. Similar clay and rock flour deposits of

limited size occur as small bodies or lenses in larger deposits of coarser sand at

scattered points throughout the valley.

The cross section of the dam shows only a few minor deposits of extremely
fine grained material. Rock flour, clay and silt were encountered here at many
points but these occurred in small lenses and thin beds and in only a few in-

stances in sufficient magnitude to allow estimating their continuity. A large

part of the overburden, however, is capped by a rather thick deposit of uniform
fine sand varying somewhat in texture, and occurring in thin beds or streaks of

rock flour or clay and somewhat larger beds of coarser sand. This deposit was
formed in a temporary lake or pond or was laid down under conditions where the
carrying capacity of the glacial streams was greatly reduced. Similar sand
strata occur for several miles north in the valley and form the extensive flat areas

so much in evidence.

The origin and the method of deposition of the boulders in the coarser gravel
deposits, all of which are too large to have been transported by glacial rivers, are

particularly interesting. As the glacier advanced over the country large blocks

of rock were picked up and became firmly lodged in the lower part of the glacier

and were carried along by it. When changing climatic conditions halted the
advance of the glacier and recession of the ice began, large quantities of sand,

stones and boulders were dislodged. This melting process took place not only
on the exposed upper surface of the glacier but also along the under side. Parts
of the sub-glacial accumulations thus formed were carried along by sub-glacial

streams and eventually deposited, but the larger boulders, upon being dis-

lodged, remained in much the same position that they assumed when dropped
by the ice, accounting for the distribution and concentration of boulders in the
lower portions of the valley overburden.
The concentration and size of boulders at the dike site was greater than at

the dam site, thus substantiating to some extent the explanation of the broad
Swift River Valley in Greenwich and New Salem. The increased width of the

valley in this section has been ascribed to lateral erosion by glacial scour after the
main trend of the valley had been fixed by pre-Glacial stream erosion. As there

is no difference in rock character between the boulders and the Monson grano-
diorite the evidence points toward the conclusion that practically all of the
boulders at the dike were plucked from the Monson granodiorite formation.

Rock Formations of the Valley Floor

The rock formations at the dam and dike are different both in character and
origin. The simplest rock type occurs at the dike and may be briefly described
as a foliated gray granite but technically it is a variety of granite and is known
locally as the Monson granodiorite, which has been described in this report as an
important tunnel formation between Shafts 11 and 12.

The rock at the dam showed considerable variety in character and behavior.

C nsidered as a whole it might be classed as an injection schist or gneiss and in

m ny ways is similar to the schist formations along the tunnel. There are three

prncipal rock types represented as follows:

1. Micaceous schist, which is similar to the Brimfield and Ware schist

ormations.
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2. Sandy or quartzose schist, which is similar to the Paxton schist formation.

3. Igneous rock, granite and pegmatite.

The schistose varieties are largely interbedded and have been strongly deformed
into small sharp folds. The great variation in these rocks is further emphasized
by the abundance of igneous intrusions in the form of small dikes, veins, bands
and lenses. These intrusions more often occur as granite or pegmatite bodies

which are oriented parallel to the foliation structure of the schist. Veins and
dikes also occur which transect the schist strata. All stages of granitization of

the schists may be seen, which is a direct result of intense soaking by granitic

constituents. On the Geologic Map of Massachusetts and Rhode Island the two
varieties of schist are mapped as separate formations, the Erving schist and the

Amherst schist. The evidence which would warrant such a classification was not

found in the section exposed at the dam. The interbedded relations of micaceous
and sandy schist was observed frequently in the Brimfield and Ware formations

of the tunnel, and in the Paxton formation, especially near the contacts of the

middle member. It is certain that these rocks at the dam are related to one of

these formations, but to which one it is difficult to say.

As the caissons for the dam and dike core walls reached the underlying rock

floor the rock surface was cleaned and such rock as was not thoroughly a part of

the ledge formation was removed. Much of this consisted of broken and de-

tached blocks caused by jointing and by cracks along the foliation structure. A
comparison of the two cross sections shows the relative amount of this kind of

excavation and also indicates the condition and relative soundness of the

original rock floor at the time it was exposed. The Monson granodiorite at the

dike was found to be of a very substantial quality, only a small amount of rock

excavation being necessary. The original surface in general was found to be

hard and few instances of extensive rock decay were noted. The rock floor ex-

posed by the caissons is an eroded surface protected originally by a rock cover,

which was removed later by glacial abrasion and plucking. Weathering has

attacked the rock very little since glacial times.

The quality of the rock at the dam was inferior to that at the dike, the mica-

ceous schist strata being badly weathered and decayed in places, and con-

siderably more excavation was required in order to reach sound rock. This

condition, by reason of the steep foliation and interbedded character of the

rocks, extended to considerable depths. The granitic portions and quartzose

schists, in contrast, v.'ere sound, but considerable volumes of this better quality

of rock were removed in order to remove the soft micaceous rocks. The beds

of the different schist strata cut across the axis of the dam nearly at right angles,

which made it all the more important to reach sound bedrock.

At least some of the decayed rock is judged to antedate the glacier. The two
rock spurs, which cause the valley to become narrower and which form the dam
abutments, acted as buffers in minimizing the amount of glacial abrasion. Also

the effect of plucking was less here than at the dike because of fewer horizontal

joints, which, however, were present in small numbers and necessitated the

removal of the resulting disjointed blocks.

Geological Studies Related to Highways

Highway Locations

The Quabbin Reservoir will necessitate the abandonment of many miles of

roads in substitution for which about 26 miles of new highway have already

been constructed, about 5 miles being between the present Ware-Enfield road

and Belchertown, and the remaining 21 miles a continuous stretch along the

west side of the reservoir from Belchertown to within 4 miles of Orange, known
as the Daniel Shays Highway.

Foundation and Pavement Materials

A geological survey of the country through which the new highways extend

was made, the object of which was to locate sand and gravel deposits suitable for

road foundations and to determine the suitability of some of the rock formations

for use as road material.

Extensive deposits of modified drift, sand and gravel were known to occur in
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the valley of the Swift Eiver West Branch. Except for a short stretch where the

highway crosses this valley these deposits are located from 23^ to 5 miles haul-

ing distance, over steep grades, from the new road. Borrowing foundation ma-
terial from this area would be expensive and a special effort was made in survey-

ing the higher ground to locate sand and gravel deposits, a few of which were
found which had collectively sufficient volumes of material suitable for the

foundations. The deposits appear to be confined to rock depressions and small

valleys which are tributaries of the Swift Valley. During the retreat of the

glacier the outlets of these depressions became clogged, in much the same manner
as the larger valleys, causing sand and gravel materials to be deposited.

The physical properties of toughness and hardness required in crushed stone

for road metal are such that only rocks of igneous origin are suitable. A particu-

lar type of igneous rock known as diabase or trap rock fulfills the .,<iuirements

most satisfactorily and in practice has become the standard mat< ^lal for maca-
dam roads. Occasionally, however, other types of igneous rocks are found
which are also suitable for the wearing or top course of pavements.
The rocks along the highway and throughout the adjacent country are of a

crystalhne character and mostly of igneous origin. The several varieties known
to be available included igneous granite and diorite and an igneous quartzose
rock. The quantity of crushed stone required was about 117,000 tons and it was
believed that if this quantity of stone could be quarried from some local rock
formation the savings might be quite appreciable. Otherwise the road metal
would have to be obtained from commercial trap rock quarries.

The country adjacent to the highway was carefully surveyed and a few large

ledges of igneous rock were found which showed promise as potential quarry
sites. The several sites examined eventually were reduced to four, tAvo of which
were located in a dioritic formation, one in a quartzose rock formation, and the
other on a newly discovered diabase or trap rock dike. The trap dike is located
about three miles north of Pelham, a short distance over the town line in Shutes-
bury. It cuts across the highway at this point, varies from 75 to 100 feet or

more in width and extends cross-country for several miles in a northeasterly

direction. It is shown on the geologic map, Figure 10.

Tests of samples from the four prospective quarry sites proved two to be suit-

able for the surface course of the pavement; one very nearly passed the test, and
the other failed. The rocks submitted for physical tests represent a rather wide
range in character and their relative value as road material is shown as follows:

Remarks

Suitable for both top and bottom
courses.

Suitable for bottom course. Aver-
age rock probably more suitable
than indicated.

Tested rather favorably but its

average quality is more adapted
to secondary road construction.

Poor quality and unsatisfactory.

The information relative to the location and character of the materials avail-

able for road materials was furnished to prospective contractors and the con-
tracts provided that the trap rock dike which was located on land owned by the
Commission might be used by contractors for road construction. The suc-
cessful bidders purchased stone from commercial trap rock quarries at prices
which were undoubtedly much lower than would have been the case had the
presence of this trap rock deposit not been discovered, resulting in substantially
lower prices to the Commonwealth.

Summary
Construction of the Quabbin Aqueduct and Reservoir has contributed tow-ard

a better understanding of the geology of central Massachusetts. Some of these
contributions consist of the presentation of new geologic data, whereas others
merely emphasize the difficulties involved in reaching a full understanding of the
geological history of this part of the state. Certain portions of the material

Rock Character
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presented concern the more practical or applied aspects of the geology as related

to the several structures. The points of particular interest regarding these two
phases, which have been elaborated in the text, may be summarized as foUow-s:

1. Geologic formations have been restudied and in a few cases redefined.

The Paxton schist formation was found to be composed of two similar members
separated by a third dissimilar member and not of a single unit as previously
described and mapped. The Brimfield type of schist was found to occur both
above and below the Paxton series, which made it necessary to designate one of

these occurrences by the new formational name of Ware schist.

2. A geologic section showing the distribution of formations and the geologic

structure over a belt 30 miles wide is included. All but five miles of this sec-

tion was studied in the tunnel where fresh exposures were available and where
the geology could be mapped in greatest detail.

3. The question of relative geologic ages of the schist formations on the one
hand and the recognized Carboniferous rocks on the other is still unanswered
despite the excellent opportunity to view the schist formations in the tunnel.

This uncertainty is due to the large mass of Fitchburg granite separating the
formations into two belts and destroying much of the required evidence. Several

alternative structure sections drawn through this critical area have been sub-
mitted. These do not contribute a positive solution to the age problem but they
do serve the purpose of emphasizing the conflicting evidence both structural and
chemical. As stated previously, the schist formations are believed to be older

than the Carboniferous rocks and may be of Ordovician age or even older.

4. The Fitchburg granite was found to contain large masses of schist in all

stages of granitization. These masses, remnants of an older rock series, show a
strong foliation structure which is distinguishable even in the portions repre-

sented by intrusive granite. A large part of the granite has been formed by in-

jection and replacement of the Brimfield schist. The foliation structure of the
granite has been inherited from that of the older schist rocks. Such an explana-
tion of origin is also applicable to portions of the Monson and Hardwick granite

formations.

5. Sixty drawings showing the detailed geology of much of the tunnel are

appended to this report. These, together with the hundreds of rock samples
housed in the Ware River intake building at Shaft 8 near Coldbrook, constitute

a unique record of actual geological conditions.

6. The most important pre-Glacial or Tertiary rivers have been traced and
rock profiles based on borings have been drawn. These profiles indicate the

depth to which some of the Tertiary valleys were eroded before they were filled

with glacial materials.

7. Construction of the cut-off structures of the main dam and Beaver Brook
dike has made it possible to present generalized cross sections of the valleys in

which these are located. The detail presented in these sections, especially that

related to boulders, indicates the character and quality of the glacial overburden
more accurately than would have been possible by interpretation of borings

alone.

8. The tables and charts concerning construction are submitted as a record

of the performance attained in construction of the tunnel which is further cor-

related with the several rock formations.
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