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1. INTRODUCTION

This report describes the procedures and results of a study of
vertical crustal motion in Maine through the analysis of repeated
first order level data. The study was supported by the Maine
Geo]ogical Survey and was carried out in the Department of Civil
Engineering, University of Maine, Orono. A1l level datawere furnished
by the National Geodetic Survey.

The data are presented in two distinct ways, Appendix B includes |
profile plots of all first order level lines in Maine for which
repeated observations are available. These plots are useful in
detecting relative movement in a local area or a fault zone. All
the datahave been combined to create a vertical velocity surface shown
in Figure 2. This second type of analysis is useful in detecting regional
trends but masks local discontinuties. The profiles and the velocity
surface in combination provide perhaps the best picture of vertical

crustal motions.

2. DATA ANALYSIS
2.1 The Bangor to Calais Line

A preliminary study focused on the first order level line from
Bangor to Calais following the Maine Central Railroad through
Ellsworth and Machias. First established in 1927 by the U.S. Coast
and Geodetic Survey (now the National Geodetic Survey, NGS), the
line was completely resurveyed in 1942 and 1966, while the eastern

fifty kilometers from Machias to Calais was resurveyed in 1953.



Large amounts of re-leveling data associated with this line, combined
with its Tocation in a potentially active area, made the Bangor to
Calais Tine particularly attractive for study. Repeated geodetic
leveling of this type represents perhaps the best single source of
quantitative information on relative vertical crustal motion.

The 1942, 1953, and 1966 level data are presented in Appendix A,
Table A6. Field data fromthe 1927 surveywere not included because
there were very few bench marks in common between it and the 1966
(base) data. Table A6 gives the relative elevations of bench marks
common to the three dates of survey. The 1966 survey has been
selected as a base year. Bench mark V8 in Bangor has been assigned
to the elevation of 10.9400 meters in 1966 and 1942. Elevations of
other bench marks in the line have been computed using observed,
unadjusted differences in elevation between adjacent bench marks for
each epoch. The delta elevation column in Table A6 shows the
divergence in observed elevation of each bench mark common to the
two epochs. The 1953 survey data has been incorporated into Table A6
by assigning bench mark V92 in Machias an elevation of 32.1747 meters
in both 1953 and 1966. It must be emphasized that the elevations
shown are relative and will indicate only relative motion between
adjacent bench marks. This is the only kind of information that can
be directly extracted from level data of this sort without tide gage
data and the related eustatic variation in sea level.

Figure B6 of Appendix B is a graphic representation of the same
data given in Table A6, Appendix A. The horizontal line represents

the base line 1966 data while the other lines are plotted as



divergences from the 1966 data. The terrain is shown at a reduced
scale. Bench marks 24+06 at 188.29 (km) and 73+81.4 at 214.38 (km)
have extremely high divergences of 623.0 (mm) and 718.0 (mm)

respectively, and are not shown to scale.

2.2 Analysis of the State Net
Figure 1 shows the first order level network for Maine. The
network was divided into 10 segménts to be analyzed in the same
manner as the 1ine from Bangor to Calais. Segments can be listed
using their endpoints as:
1) Fort Kent to Calais
2} Ashland via Clayton Lake to the Canadian Border
3) Jackman via Brownvilie Jct. to Danforth
4) Milo via Lagrange to Bangor
5) Bangor via Machias to Calais
6) Machias via Eastport to Calais
7) Danville to Bangor
8) Maine-New Hampshire Border to Danville
9) Danville to Portland
10} Portland to Maine-New Hampshire Border
Data for these lines weremade available by the National Geodetic
Survey (NGS). Profiles of the type generated for the Bangor to
Calais line were plotted for all the segments. These profiles are
included in Appendix B. The level data and respective delta

elevations are presented in Appendix A.
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Figure 1. First order level network in Maine




~Analysis of the profiles generated from the ten-segment net
indicated a study of regional deformation would be appropriate.
A number of methods were investigated to form a velocity surface
from the scattered repeated level data (Vanicek and Christodulidis,
1974; Holdahl, 1978)and a variation of Holdahl's method 5 was

selected.

2.3 Vertical Velocity Surface Model

The elevation of bench mark a at time ty is given by

ha,i = ha,o * V(xa’ya)(ti - to)
where:
ha i elevation of bench mark a at time ti
h = elevation of bench mark a at time t
a,0 o
vV = yertical velocity
xa,ya = plane coordinates of bench mark a

time

The velocity function V(xa,ya) is assumed to be independent of
time and can be expressed as a polynomial power series in the
x, ¥ plane coordinates

n

Vix.,y.) = I ©C.. x . y .
a’’a i,j=0 ij "a

The difference in elevation between two bench marks, a

and b, at time ti can now be written

(2.1)

(2.2)



Bhy ai = My i = Mg i) * Vg a5 (2.3)

where:
Ahb a.d - observed difference in elevation of time t1
a 4
h, ; and hb ; are as defined in equation (2.1)
Vb,a,i = a residual
The unknown parameters in equation (2.3) are the elevations of

bench marks a and b at time t0 and the coefficients of the poTy-

nomial. Equation{2.3) in expanded form is

Ahb-a,i = (hb,o'ha,o) + cl(xb'xa)(ti'to) + Cz(yb-ya)(ti—to)
O [ R A (LR
* Cpxpyp =Ry ) (ty-t ) + oo+ vy g (2.4)

and is linear in the parameters.

A least squares solution was used to solve the velocity surface
model .

The resulting surface coefficients and equation (2.2) were
used to generate point velocities. Figure 2 represents a vertical
velocity contour map generated from point velocities. A fifth
degree polynomial was used to fit the data. Bench mark V8 in Bangor
was given a velocity of 0 mm/year, thus making the velocity values,
statewide, relative to Bangor.

This method requires all bench marks in a locality to take on
the same velocity and any localized deformation between bench mark

segments will be smoothed out in the final surface.



Figure 2. Relative vertical velocity surface (mm/yr)
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2.4 Evaluation of Surface Residuals

Observed velocity differences between adjacent bench marks were
compared to predicted velocity differences to test the fit of the
velocity surface. The resulting root mean square (RMS) errors in

relative velocity are tabulated by line in Table 1.

TABLE 1

RMS Errors in Relative Bench Mark Velocities in mm/year

, RMS error
Line Location mm/yr
1 Portland (south) to N.H. Border 0.21
2 Maine-N.H. Border to Danville 0.6%

3 Danville to Portland 0.35
4 Danville to Bangor 0.78
5 Milo via Lagrange to Bangor 11.49
6 Bangor to Calais 3.08
7 Machias via Eastport to Calais 2.27
8 Jackman via Brownville Jct. to Danforth 2.36
9 Fort Kent to Calais 1.11
10 Asland via Clayton Lake to Canadian Border 0.46

As expected, the velocity surface does not fit uniformly well
throughout the state. With the exception of 1ine 5 between Milo and
Bangor, the largest velocity residuals are in the eastern portion of
the state where the surface predicts the largest velocities. These
residuals can be attributed to random and uncorrected systematic

errors in the survey data and to errors in the velocity model.



Profile plots indicate vertical motions that are local in extent on
several of the lines. These movements are masked by the velocity
surface model but contribute to the residuals.

In both the eastern and southernmost portions of the state, the
velocity residuals are significantly smaller than the indicated
ve]ocities,inditating that regional trends do exist in the data. In
the central and northern regions of the state, the residuals are
of the same order of magnitude as the velocities, and the + 1 mm/yr

line shown in Northern Maine in Figure 2 is probably not significant.

3. DISCUSSION

The data in Appendix A and the profiles in Appendix B indicate
substantial changes in observed height differences within the
approximately fifty years of record. The vertical velocity surface
indicates a downward relative velocity of up to 9 mm/year in the
eastern portion of the state. Four possible explanations for these
results are:

a. Accumulation of random errors

b. Incorrectly modeled systematic errors

c. Local movement or instability of individual bench marks

d. Crustal warping or faulting

Accumulation of Random Error. The random error inherent in any

surve&ing measurement propagates through the level line as a function

of the square root of the length of the line. Based on past



experience the NGS estimates that the random error in a first order
level line will be 1.5 /L mm for lines observed between 1917 and
1955 and 1.0 /L mm for lines observed after 1955 where L is the
length of the line in KM. If the line from Bangor to Calais is
considered a closed loop (Bangor-Calais-Bangor) the expected random
error would be 1.5 /450 = 32. mm. This is substantially less than

175 mm divergence and therefore another cause is indicated.

Systematic Errors. There is a considerable amount of geodetic

literature devoted to the study of systematic errors or effects in
level lines. These effects are believed to accumulate in proportion
to the length of the level line and are due to incorrect compensation
for atmospheric refraction and settling of the level instrument and
rods among other things. A detailed analysis of the Maine leveling
data to isolate systematic effects has not been made at this time.
However, it is extremely doubtful that systematic errors can account
for a significant portion of the total divergence observed on this

Tine.

Instability of Bench Marks. Instability of individual bench

marks may account for some of the "spikes" in the data shown in
Appendix A and B, but cannot account for the trend of motion

indicated.

Crustal Warping or Faulting. Much of the elevation differences

indicated by both the profiles and the velocity surface must be

caused by vertical motion of the earth's crust. Analysis of eustatic

10



sea level change, upward growth of salt marshes, and the ongoing sub-
mergence of historic structures indicates a pattern of subsidence in
eastern Maine. This reinforces the evidence supplied by survey data.
The pattern of regional deformation in eastern Maine shown in
Figure 2 agrees with the absolute vertical crustal velocity map of
the Maritime Provinces of Canada (Lambert & Vanicek, 1979) if Bangor

is assigned a.velocity of + 2 mm/yr.

4. CONCLUSIONS

The conclusions of this study can be summarized as follows:

a. The easternmost portion of Maine is subsiding at a rate
of up to 9 mm/year relative to Bangor. A significant
portion of this motion appears to be of a regional
nature and can be modeled by a velocity surface. However,
some of the motion is compensated locally and is best
shown on profiles.

b. There is relative subsidence of up to 3 mm/year occurring
in southern Maine.

c. The interior and northern portion of the state are

stable verticaily.

11



APPENDIX A

Level Data
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