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In addition to site characteristics, certain well 
characteristics also were determined to be statistically 
significant. CABLE, which identifies whether or not a 
well was drilled using a cable tool rig, has a positive 
relation to well yield. High yields among these drilled 
wells may be the result of the drilling technique in 
which the bit is pounded into the earth, perhaps 
opening up or enhancing fractures. Also, there may be 
less clogging of fractures by bedrock cuttings when 
the well is drilled with a cable-tool rig.

Wells drilled for commercial or public water 
supply (COMERCL and PUBLIC) also are associated 
with high yields. These yields may be related to well 
construction characteristics, such as well diameter, 
that may increase the well yield at a given site to meet 
the demand. The fact that these wells tend to be deeper 
than private wells already is accounted for in the first 
stage of the regression.  

Other major variables, which individually were 
significant but dropped out as new variables were 
introduced, include (1) the distance of a well to any 
lineament in a pluton, (2) thickness of overburden, and 
(3) whether a well penetrates through stratified drift. 
With the introduction of variables, such as distance to 
surface-water bodies (DISTH2O) and upgradient 
drainage area (lnACCUM), these three variables 
dropped out of the model because of shared variance. 
Variables DISTH2O and lnACCUM were statistically 
more significant than those values that were dropped. 
The problem of shared variance is one of exclusion. If 
two variables share variance and both are included in 
the model and both remain significant, then there is no 
modeling problem. If, however, variables are excluded 
from the model because they fail to meet the  
95-percent confidence level because of shared 
variance, then there is the potential to exclude 
variables that should be included. This is an unavoid-
able consequence of any regression analysis. The 
model is stochastic or statistical, not a process-
oriented geologic, and cannot account for all physical 
processes involved, which may be best explained by 
some excluded variable. 

Regression Model Testing

The statewide analysis of bedrock yields by the 
USGS involved developing a complex regression 
model. Large data sets were used to examine geospa-
tial data. The resultant model then was subjected to six 
statistical tests (appendix C), and the results are 
summarized in the following paragraphs:

1. First, a test was conducted to determine if the use of 
instrumental variables was necessary. A test was 
applied to evaluate the use of the instrumental-
variable technique to eliminate the effect of the 
inherent relation between well yield and depth. In 
applying this test, lnDEPTH was endogenous and 
a two-stage regression model using instrumental 
variables was appropriate.  

2. Second, the appropriateness of the form of the 
model was tested. A test of the model specifica-
tion revealed that nine variables are heterosce-
dastic. That is, the distribution of the model 
residuals varies depending on the value of these 
nine variables. The effects of heteroscedastic 
variables on model probabilities is discussed in 
appendix C. The form of the model was 
appropriate.

3. A test for normality of the residuals indicated that 
the graphical distribution is nearly normally 
distributed; however, at the 95-percent 
confidence level, the residuals are not normally 
distributed. For practical purposes, the model 
was considered appropriate for estimating 
probabilities of equaling or exceeding a given 
yield.

4. Declustering of the data (statistically deleting some 
of the excess data where there is an over 
abundance) was not necessary on the basis of a 
spatial test of the residuals for the Pinardville 
quadrangle. Pinardville is the quadrangle with 
the highest density of well data in the State. 
Results of the spatial test did not show spatial 
significance, which means that the data are not 
related to those of neighboring wells in the most 
clustered area of the map, and would not be a 
potential source of bias.

5. A verification test of model results was done. A 
summary Chow test (Chow, 1960) was used to 
compare the verification and primary data sets. 
The results indicate that the data sets are statisti-
cally distinguishable from one another by the 
model; they do not behave identically. However, 
a single variable, PZmg, accounts for most of the 
difference between the verification data set and 
the primary data-set (with coefficients of 
opposite sign between the two data sets).  

6. A sixth test, unique to the use of instrumental 
variables, was a test of finite sample bias. The 
test results showed no indication of significant 
finite-sample bias.  
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Alternative models expressing yield and depth 
were considered. The final form of the selected model 
was considered appropriate because of the following 
reasons:  

1. The model adjusts for the severe endogenous bias 
associated with depth.

2. The residuals are, for all practical purposes, log 
normally distributed indicating that the decision 
to express yield and depth in log space was 
appropriate.

3. The errors are multiplicative (higher errors at higher 
yields) further indicating that a model with 
lnYIELD as the dependent variable (as opposed 
to yield) was appropriate.

4. The specification tests demonstrate that the 
functional form was appropriate for the contin-
uous variables.

5. The functional form of the model was not an issue 
because only dichotomous variables were identi-
fied with the specification test. Heteroscedas-
ticity was found for some dichotomous variables, 
but this can be considered when interpreting the 
results.

Yield-Probability Forecasting

The probability of obtaining a given yield can 
be forecast statewide for a given well depth. A 
statewide GRID of probabilities of equaling or 
exceeding 40 gal/min when a well depth of 400 ft is 
drilled is presented in figure 9. A well depth of 400 ft 
was used because this has become a common depth at 
which a driller stops drilling if the desired yield has 
not been reached.

Maps of Yield Probability

To apply the results of the regression model, a 
map is needed. Maps (figs. 9, 10, and 11) clearly show 
areas of various yield probabilities. Users then can use 
probability criteria to select areas where other 
techniques, such as geophysical techniques, can be 
applied to further refine site selection for drilling in 
the bedrock aquifer. Results of tests of geophysical 
techniques for ground-water exploration in the 
fractured-bedrock aquifer of New Hampshire are 
presented in a companion report by Degnan and others 
(2001).

The regression model developed during this 
study was used to produce yield-probability maps, 
statewide (fig. 9) and for the Pinardville and Windham 
quadrangles, N.H. (plates 1 and 2). The maps were 
created by the following procedures. A grid of points, 
with a 98-ft (30-m) spacing, was created. For each 
point, all predictive parameters were compiled and 
model results applied. For each point, a probability of 
equaling or exceeding a given yield was calculated. 
The grid of points then was converted to a raster GRID 
(using ARC/INFO GRID software) and plotted on a 
map. The probability at each GRID cell was 
determined by using equations 1 and 2 and the 
predicted value of lnYIELD that was computed by the 
regression equation. The procedure used to estimate 
cell probability, expressed as a percentage, is

Cell Probability = 100 * (1 – PROBNORM (Z)), (1)

where

PROBNORM (SAS computer software, 1996) is a 
function that returns the probability that an 
observation from a standard normal distri-
bution is less than Z,  

Z is a function that defines the point where the 
conditional yield (to be equaled or 
exceeded) is relative to the predicted distri-
butions of yields for each cell, and 

Z is normalized by the standard deviation of 
predicted yields for each cell. 

, (2)

where
C is the conditional yield to be equaled or  

exceeded,
is the predicted natural log of yield for the 
cell (lnYIELD),

MSE is the model mean square error, and
BETAVAR is the variance associated with the coeffi-

cients. (This involves the covariance 
matrix and is dependent on the magnitude 
of the predictor variable).

The map data are displayed in shades of color 
on the basis of the value of probability (figs. 9, 10A, 
and 11A, and plates 1 and 2). The effect of topography 
is reflected in the probability zones. Low probabilities 

Z C( )ln( )= Ŷ MSE BETAVAR+( )⁄–

Ŷ
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Figure 9. Model results of the probability of obtaining 40 gallons of water per minute from a 400-foot-deep 
well in New Hampshire.



FACTORS RELATED TO WELL YIELD      25

F
ig

u
re

 1
0.

 M
od

el
 r

es
ul

ts
 o

f t
he

 p
ro

ba
bi

lit
y 

of
 o

bt
ai

ni
ng

 4
0 

ga
llo

ns
 o

f w
at

er
 p

er
 m

in
ut

e 
or

 m
or

e 
fr

om
 a

 4
00

-f
oo

t-
de

ep
 w

el
l f

or
 th

e 
P

in
ar

dv
ill

e 
qu

ad
ra

ng
le

, 
N

ew
 H

am
ps

hi
re

, w
ith

 (
A

) 
de

ta
ile

d 
m

ap
pi

ng
 v

ar
ia

bl
es

 in
cl

ud
ed

 a
nd

 (
B

) 
on

ly
 th

e 
st

at
ew

id
e 

va
ria

bl
es

 in
cl

ud
ed



26      Factors Related to Well Yield in the Fractured-Bedrock Aquifer of New Hampshire

F
ig

u
re

 1
1.

  M
od

el
 r

es
ul

ts
 o

f t
he

 p
ro

ba
bi

lit
y 

of
 o

bt
ai

ni
ng

 4
0 

ga
llo

ns
 o

f w
at

er
 p

er
 m

in
ut

e 
or

 m
or

e 
fr

om
 a

 4
00

-f
oo

t-
de

ep
 w

el
l f

or
 th

e 
W

in
dh

am
 q

ua
dr

an
gl

e,
 

N
ew

 H
am

ps
hi

re
, w

ith
 (

A
) 

de
ta

ile
d 

m
ap

pi
ng

 v
ar

ia
bl

es
 in

cl
ud

ed
 a

nd
 (

B
) 

on
ly

 th
e 

st
at

ew
id

e 
va

ria
bl

es
 in

cl
ud

ed
.



FACTORS RELATED TO WELL YIELD      27

on the steep slopes are represented by dark shades of 
orange. Lineaments and topographic swales 
(determined from the 1:24,000-scale DEM) are clearly 
highlighted in white or green. This result is especially 
true of the lineaments identified using the high-
altitude aerial photography that are correlated with the 
primary fracture direction. These lineaments define 
most of the locations with the highest probability 
areas, which indicates that the regression model is 
sensitive to photolinear variables despite measurement 
error and shared variance. Results of this analysis 
indicate that using a filtered subset of the lineaments 
(based on lineament orientation and correlation with 
nearby fracture orientations) to identify potential high-
probability areas is feasible elsewhere in New 
Hampshire.

A broad swath of high probabilities associated 
with the anticlinal axis of the Massabesic Gneiss 
Complex (figs. 4 and 10A), across the southeastern 
quadrant of the map, is prominent. Likewise, the 
positive (light colors) and negative effect (dark 
orange) of the various detailed mapped units identified 
in the model are clearly evident. For example, the 
bedrock geologic units of the amphibolite gneiss 
(Zma), layered migmatite (PZmg), and Spaulding 
Tonalite (Dsg) (fig. 4) all are highlighted as zones of 
high-yield probabilities (fig. 10A and plate 1). 

Comparison of Regional Variables with 
Statewide Variables

To measure the added value of field-based 
methods for well-yield-probability forecasting, the 
regression model was run with and without the 
variables developed from the detailed geologic 
mapping and fracture-correlated lineaments (Zma, 
SOb, SObw, Zmlg, PZmg, Pdg, Dsg, AXMBUF, 
D180BUF, AND ALFRACP (table 2)). Four 
probability maps were produced (figs. 10 and 11) for 
the Pinardville and Windham quadrangles, one with 
and one without the added variables for each 
quadrangle. These maps show the benefit of 
conducting additional detailed geologic mapping. 

The dark zones in the northwestern quadrant of 
plate 1 and figures 10A and 10B are associated with 
the steep slopes and concave downward curvature of 
the Uncanoonuc Mountains. Likewise, valleys and 
swales are evident as light zones in the Massabesic 
Gneissic Complex in the southeastern half of the plate. 
Lineaments trending N35oW in the igneous rocks 

(plutons) also are shown as distinct lines. Fracture-
correlated lineaments (trending in various directions), 
the zone of horizontal jointing associated with the 
anticlinal axis of the Massabesic Gneiss Complex, and 
the effects of five detailed geologic units only are 
evident on the map that included the detailed mapping 
variables (fig. 10A).

Well-yield probability maps with and without 
the detailed mapping variables can be compared 
quantitatively (table 3). At any selected probability 
value, more sites are identified with the inclusion of 
the detailed mapping. For example, with a 20-percent 
probability of obtaining 40 gal/min from a 400-ft-deep 
well, more than 3 times as many sites could be located 
by including the variables from the detailed mapping. 
As the criterion is restricted to higher percentage 
probabilities, the benefit of using detailed mapping to 
identify areas increases. For example, at and above  
45-percent probability, the model with the excluded 
detailed geologic mapping variables does not identify 
any sites, whereas the model with the variables 
included continues to identify sites (table 3). The 
amount of detail in the probability maps also can be 
summarized in terms of the variance (or standard 
deviation) of predicted probability values. For the 
Pinardville quadrangle, the variance increased from 
12.43 to 40.56 with the inclusion of the detailed 
variables and the standard deviation increased from 
3.53 to 6.37. These wide ranges in estimated probabil-
ities indicate that more high-probability sites are 
identified by including the detailed mapping variables.

A similar comparison, as described in the 
previous paragraph, can be made in the Windham 
quadrangle (fig. 11). The effects of the statewide 
topographic variables are evident in figures 11A and 
11B. The dark orange zones with highly irregular 
shapes on the maps reflect the negative effects of hills. 
A dark orange zone also indicates the low probability 
associated with the Ayer granodiorite, part of LITHO2 
(fig. 3), along the southern boundary of the quadrangle 
(figs. 11A and B, plate 2) near the center. Similarly, 
the light zones associated with RKTYPE45 (D1m, the 
Two Mica Granite of northern and southeastern New 
Hampshire) are evident on figures 5 (unit Dg) and 
11A. Proximity to water is shown as light shades of 
color on both maps. The well-bedded subunit of the 
Berwick Formation (SObw) has high probabilities 
(lighter-shaded zone of the northwest corner 
(fig. 11A), which is not identified in the statewide  
map (fig. 11B).  



Various lineaments associated with the igneous 
rock show up as linear patterns of increased 
probability on both quadrangles (figs. 10A and 11A, 
plates 1 and 2). The highest probabilities identified in 
linear pattern on figures 10A and 11A, and plates 1 and 
2 are from lineaments identified using the high-altitude 
aerial photography; these lineaments are correlated 
with the primary fracture direction (regardless of 
bedrock type).  

A quantitative comparison of probability maps 
for the Windham quadrangle is given in table 4. More 
sites are identified at selected probability criteria with 
the detailed mapping. For this quadrangle, however, 
the benefits of the detailed geologic mapping seems to 
be even greater than for the Pinardville quadrangle. 
For example, 23 times as many sites are located with a 
20-percent probability of obtaining 40 gal/min with a  
400-ft-deep well, when the detailed geologic mapping 
variables were included. At or above 25-percent 
probability, the model, that excludes variables, fails to 
identify any sites. The model with the variables 
included continues to identify sites (table 4). The 
amount of detail in the probability maps also can be 
summarized in terms of the variance (or standard 
deviation) among predicted probability values. For the 
Windham quadrangle, the variance increased from 
3.64 to 26.74, with the inclusion of the detailed 
variables, and the standard deviation increased from 
1.91 to 5.17.

Table 3.  Percentage of area identified as having a 
probability of obtaining 40 gallons per minute or more from a 
400-foot-well depth with detailed geologic mapping variables 
included and excluded for the Pinardville quadrangle

Probability of obtaining 
40 gallons per minute or 
more with 400-foot-well 

depth, 
in percent

Percentage of quadrangle meeting 
probability criteria with detailed 

geologic mapping variables

Included Excluded

Pinardville quadrangle, New Hampshire

20 7.94 2.33

25 3.93 .80

30 2.22 .10

35 1.33 .02

40 0.72 .01

45 .39 0

50 .21 0

55 .11 0

60 .06 0

65 .02 0

70 .013 0

75 .004 0

80 .002 0

 

SUMMARY AND CONCLUSIONS

The New Hampshire Bedrock Aquifer Assess-
ment, done in cooperation with the New Hampshire 
Department of Environmental Services, was designed 
to provide information that can be used by communi-
ties, industry, professional consultants, and other 
interests to evaluate the ground-water development 
potential of the fractured-bedrock aquifer. This assess-
ment was done at three scales—statewide, regional, 
and local—to uncover relations that potentially will 
increase the probability of successfully locating high-
yield water supplies in the fractured-bedrock aquifer 
throughout New Hampshire. The statewide scale was 
designed as a reconnaissance-level investigation of 
bedrock well yield in relation to bedrock type, 
lineament characteristics, topography, and other well-
site and construction characteristics. The regional 
scale adds field-based geologic-data collection, 
additional lineament data, and lineament filtering to 
assess what effect quadrangle-scale data acquisition 
has on the resulting well-yield relations. Local investi-
gations were done to assess the effectiveness of 
geophysical tools for identifying the location and 
orientation of fracture zones. Results of the statewide- 
and regional-scale investigations are described in this 
report. Results of the local investigations are presented 
in a companion report.

In investigating the factors that relate to high-
yield bedrock-aquifer sites, many possible variables 
were examined. Statewide data sets were compiled 
from available sources or were created for this study. 
The primary information that was analyzed included 

Table 4. Percentage of area identified as having a 
probability of obtaining 40 gallons per minute or more from a 
400-foot-well depth with detailed geologic mapping variables 
included and excluded for the Windham quadrangle

Probability of obtaining 
40 gallons per minute or 
more with 400-foot-well 

depth, 
in percent

Percentage of quadrangle meeting 
probability criteria with detailed 

geologic mapping variables

Included Excluded

Windham quadrangle, New Hampshire

20 10.23 0.44

25 6.28 0

30 1.33 0

35 .62 0

40 .40 0

45 .18 0

50 .065 0
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well information, bedrock lithology, surficial geology, 
lineaments, topography, and various derivatives of 
information in those data sets. 

Additionally, more detailed geologic, fracture, 
and lineament data were collected for the Pinardville 
and Windham, New Hampshire quadrangles. These 
quadrangles were selected because they represent 
differing geohydrologic settings and have the largest 
number of georeferenced bedrock wells in the State. 
Geologic mapping at the 1:24,000 scale provided an 
accurate distribution of lithologies and data on brittle 
fracture and ductile-structure orientation of bedrock 
for correlation with lineaments. The purpose of this 
regional-scale investigation was to determine the 
degree to which predictive well-yield relations, 
developed as part of the statewide reconnaissance 
investigation, can be improved with quadrangle-scale 
mapping. 

Detailed information on water wells constructed 
in the State since 1984 is collected and maintained in a 
computer database by NHDES. Many of these wells 
have been field-inventoried to obtain accurate 
locations. Basic well data are reported by drillers and 
include the following six characteristics used in this 
study: well yield, well depth, well use, method of 
construction, date drilled, and depth to bedrock (or 
length of casing). The well data set compiled by 
NHDES contains complete records, including 
geographic coordinates for 20,308 of the total number 
of wells (over 70,000) reported since 1984. A 
randomly selected subset (20 percent or 4,050 wells) 
of the available well data were reserved for model 
evaluation. The availability of this large data set 
provided an opportunity for statistical analysis of 
variables related to bedrock well yields. Well yields in 
the database ranged from zero to greater than 
500 gal/min. 

Multivariate regression was selected as the 
primary method of analysis because it is the most 
efficient statistical tool for predicting a single variable 
(such as the natural log of well yield) with many 
potentially independent variables. The dependent 
variable that was analyzed in this study was the natural 
log of the reported well yield. Well yield, however, is 
in part a function of demand for water by the well 
owner. This restriction introduces a major problem in 
using well yield as the dependent variable in a 
multivariate-regression analysis. Generally, a well 
only is drilled as deep as is needed to meet a specific 

yield. Thus, the reported yield is not necessarily the 
maximum potential yield for that site. Because well 
yield is partially a function of demand, an innovative 
technique that involves the use of instrumental 
variables was used. Instrumental variables that are 
correlated to demand-driven yield but uncorrelated 
with random variation in the physical yield-depth 
relation are (1) year drilled, (2) well driller, and 
(3) median household income based on the 1990 
census.  

Results of the regression model show the 
following:

1. The effect of the instrumental variable approach is 
apparent in the calculated regression coefficient 
for the natural log of depth (lnDEPTH). The 
regression coefficient is positive (0.53) indicating 
that total well yield increases with total well 
depth, but incremental yield (yield per foot of 
well depth) decreases with well depth.  
The previously demand-driven negative coeffi-
cient (-0.88) was corrected by a coefficient that 
represents the physical relation. Presumably at 
some depth (hundreds to thousands of feet) this 
relation ceases because of lithostatic pressure.

2. Slope of the land surface determined from the 
1:24,000 scale DEM, has a negative coefficient 
implying that yields tend to decrease as slopes 
increase. Similarly, the elevation of the land 
surface at each well, derived from 1:24,000 or 
1:25,000-scale maps, has a negative coefficient 
of -0.00012, indicating that yields tend to 
decrease as elevation (in feet above sea level) 
increases. The curvature of the land surface 
determined from the 1:250,000-scale regional 
DEM has a negative coefficient of –2.15, 
indicating that, at a regional scale, wells on 
hilltops tend to have low yields and wells in 
valleys tend to have higher-than-average yields. 
The data indicate that valleys have more 
saturated fractures than hilltops.

3. The distance to the nearest waterbody, determined 
using the 1:24,000 scale Digital Line Graph data 
(DLG), is negatively related to lnYIELD. This 
means that wells farther away from waterbodies 
tend to have lower yields than those closest to 
waterbodies.  

4. The drainage area to the well, expressed as the 
natural log of the number of 1:24,000-scale DEM 
cells upgradient of the well (including the well 
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cell) (lnACCUM) has a positive coefficient of 
0.024. This value indicates that wells with large 
upgradient drainage areas tend to have higher-
than-average yields.

5. Swales or valley bottoms, identified using the 
1:24,000 scale DEM, in the Massabesic Gneiss 
Complex and Breakfast Hill Granite, tend to have 
higher-than-average yields. 

6. Major lithologic unit 2, foliated plutons, tended to 
have lower than average yields.

7. Sites within 100 ft of lineaments, identified using 
the high altitude (1:80,000-scale) aerial photog-
raphy that are correlated with the primary 
fracture direction (regional analysis), have a large 
positive coefficient of 1.23. This value indicates 
a strong association between these lineaments 
and higher-than-average well yields.

8. The quadrangle-scale well sites in plutons within 
100 ft of fracture-correlated lineaments (discrete 
analysis), defined as a subset of all lineaments 
identified using Landsat, high-altitude aerial 
photography, color infra-red photography, or 
topographic maps, have higher-than-average 
yields. Perhaps sheeting (near-horizontal) 
fractures in plutons create more hydrologic 
connections between wells and adjacent 
lineaments.

9. Sites in plutons within 100 ft of lineaments trending 
N35oW ±5 degrees, identified using Landsat, or 
high- or low-altitude aerial photography, have a 
positive coefficient of 0.44, indicating higher-
than-average yields.  

10. Seven geologic map units (Zma, SOb, SObw, 
Zmlg, PZmg, Pdg, and Dsg) identified by 
detailed geologic mapping of the Pinardville and 
Windham quadrangles, had a relation to well 
yield. Well yields were statistically above or 
below average depending on the geologic unit.

11. Twenty-two geologic map units on the Bedrock 
Geologic Map of New Hampshire also had a 
relation to well yield. These had either a positive 
or negative relation to yield depending on the 
type of unit.  

12. In addition to the above site characteristics, certain 
well-construction characteristics also were 
determined to be statistically significant. Wells 

drilled using a cable-tool rig were positively 
related to well yield.  

13. Wells drilled for commercial or public-supply 
purposes also tended to have higher-than-average 
yields.  

A statistical relation predicting well yield was 
developed to produce yield-probability maps. Plates 
show the yield probabilities for the Pinardville and 
Windham quadrangles. Probabilities are color coded 
on these maps. The results of the yield-probability 
maps indicate the following:

1. The effect of topography is reflected in the 
probabilities. Probabilities of high yields 
decrease on the steep slopes.  

2. Specific categories of lineaments result in linear 
patterns of high probabilities on the maps. This is 
especially true of the lineaments identified  
using the high-altitude aerial photography 
(1:80,000 scale) that are correlated with the 
primary fracture direction. These lineaments 
define most of the locations with the highest 
probabilities in the Pinardville and Windham 
quadrangles. As a result of this analysis, the use 
of a filtered subset of lineaments appears to be a 
promising technique for identifying high-
probability areas elsewhere in New Hampshire.

3. A broad swath of high probabilities is associated 
with the anticlinal axis of the Massabesic Gneiss 
Complex across the southeastern quadrant of the 
Pinardville quadrangle. Likewise, the positive 
and negative effect of the variables representing 
various detailed lithologies, identified in the 
model, are evident. For example, the bedrock 
geologic units of the amphibolite gneiss (Zma), 
layered migmatite (PZmg), and Spaulding 
Tonalite (Dsg) are all represented as zones of 
high-yield probabilities.    

4. To measure the added value of using field-based 
methods for well-yield-probability forecasting, 
probabilities were estimated with and without the 
variables developed from the detailed geologic 
mapping and fracture-correlated lineaments. The 
probability maps provide a visual comparison for 
evaluating the benefit of including additional 
detailed geologic mapping variables. The results 
of including these variables for each quadrangle 
are as follows: 
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4A. In the Pinardville quadrangle, more sites are 
identified at selected probability criteria with 
detailed mapping variables. For example, using 
the information from the detailed mapping, more 
than 3 times as many sites are associated with a  
20-percent probability of obtaining 40 gal/min 
from a 400-ft-deep well. As probability criteria 
are restricted to percentages higher than 
20 percent, the advantage of the detailed 
mapping in identifying additional areas of high-
yield increases. At and above 45-percent 
probability, the model using just the statewide 
variables fails to identify any sites, whereas the 
model using the detailed mapping variables 
continues to identify sites.  

4B. Similar results were found for the Windham 
quadrangle where more sites were identified 
using the detailed mapping variables. For this 
quadrangle, however, the increased percentage of 
area with a high probability of obtaining 
40 gal/min or more with detailed geologic 
mapping variables included, is even greater than 
for the Pinardville quadrangle. In areas with a  
20-percent or more probability of obtaining 
40 gal/min from a 400-ft-deep well, roughly 
23 times as many sites are identified using the 
information from the detailed mapping. At or 
above 25-percent probability, the model with just 
the statewide variables does not identify any 
sites, whereas the model with the detailed 
mapping variables continues to identify sites.  

The amount of detail in the probability maps 
also can be expressed in terms of the variance (or 
standard deviation) among predicted probabilities. For 
the Pinardville quadrangle, the variance describing the 
range of predicted probability values increased with 
the inclusion of the detailed mapping variables, from 
12.43 to 40.56, and the standard deviation increased 
from 3.53 to 6.37. For the Windham quadrangle, the 
variance increased from 3.64 to 26.74, and the 
standard deviation increased from 1.91 to 5.17. These 
wide ranges in probabilities indicate that more high-
probability sites can be identified by including the 
detailed mapping. Results from both quadrangles 
clearly demonstrate the advantage of using detailed 
geologic mapping to identify potential new ground-
water supplies in the fractured-bedrock aquifer of 
New Hampshire.
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APPENDIX A. REGRESSION MODEL 
CONSTRUCTION

The overall approach in deciding which 
variables to include in the model was as follows:

1. Ordinary least-squares regression was used to 
provide an initial estimate of which variables are 
significant predictors of well depth for the first 
stage of the model. Significant predictors of the 
natural log of depth of the well then could be 
identified.  

2. These predictor variables then were used as the 
starting point for building the two-stage model. 
This process favors the inclusion of variables that 
affect well depth and yield.

3. Predictor variables were removed from the two-
stage model if they were insignificant as predic-
tors of the natural log of yield.  

4. The two-stage model was built by comparing the 
residuals with the remaining unused variables. 

Guided by the relation, new variables were 
introduced into the two-stage model. The major 
groups of lithologies, which cover all of New 
Hampshire, had priority over individual map 
units to make a more inclusive model.  

5. Regional variables were tested in the model, which 
created a nested model. Statewide mapped 
bedrock units were regionally subdivided into 
more detailed categories. The more general 
statewide variables remained active in those 
regions (Pinardville and Windham quadrangles) 
where detailed mapping was conducted.

6. Additional variables tested in the model included 
uphill drainage area, proximity to surface water, 
driller (as an instrumental variable), construction 
method, and median household income (also as 
an instrumental variable).
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Appendix B.  List of variables tested for the regression model 

[DEM, Digital elevation model; DLG, Digital line graph]

Variables Definition of variable
* Indicator 

variable

DEPENDENT VARIABLES

YIELD Yield, in gallons per minute

lnYIELD Natural log of yield

YIELDFT Yield/length, in gallons per minute per foot of open hole

PREDICTOR VARIABLES

lnDEPTH Natural log of the well depth, in feet

OVER Overburden depth to bedrock

OPEN Length of open hole

CSN Casing length

IPLUTN Dichotomous variable identifying wells drilled into plutons *

Seven major lithologic units
LITHO1 Lithologic unit 1:  medium to coarse-grained (nonfoliated to weakly foliated igneous rock) *

LITHO2 Lithologic unit 2:  well-foliated, coarse-grained igneous rock *

LITHO3 Lithologic unit 3:  fine-grained, tightly bonded metasedimentary rock *

LITHO4 Lithologic unit 4:  fine to medium-grained granular, metasedimentary rock; *

LITHO5 Lithologic unit 5:  graphitic micaceous metapelite, locally interbedded with calcareous or 
siliceous rock

*

LITHO6 Lithologic unit 6:  fine and coarse-grained, volcanic rock and associated metapelite *

LITHO7 Lithologic unit 7:  Massabesic Gneiss Complex and Breakfast Hill Granite *

All bedrock units, with well data, are shown on the 1997 State Bedrock Geologic Map (Lyons and others, 1977)

Bedrock unit
RKTYP2 Cjb– *

RKTYP3 Dir *

RKTYP4 Dif *

RKTYP5 K1a *

RKTYP6 K1bx *

RKTYP7 K1r *

RKTYP8 K2 *

RKTYP9 K7C *

RKTYP14 Kc1b *

RKTYP21 J1r *

RKTYP22 J1x *

RKTYP23 J7h *

RKTYP25 J4hx *

RKTYP27 J5 *

RKTYP28 Sfrv *

RKTYP29 Oalx *

RKTYP30 J7x *

RKTYP31 J8 *
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Variables Definition of variable
* Indicator 

variable

Bedrock unit--Continued
RKTYP32 J9A *

RKTYP35 Jc1b *

RKTYP37 Jo1b *

RKTYP38 Jo1h *

RKTYP39 P1m *

RKTYP40 Oalb *

RKTYP43 D1b *

RKTYP44 Oalg *

RKTYP45 D1m *

RKTYP49 Oh1-2h *

RKTYP50 D3Bb *

RKTYP52 Sfrx *

RKTYP53 DS9 *

RKTYP54 DSlr *

RKTYP55 Db2b *

RKTYP57 Dc1m *

RKTYP58 Dg *

RKTYP59 Dgc *

RKTYP60 Oh2-9A *

RKTYP61 Dgm *

RKTYP62 Dgv *

RKTYP63 Di *

RKTYP64 Dih *

RKTYP65 Dk2x *

RKTYP66 Dl *

RKTYP67 Dlc *

RKTYP69 Oo4Ch *

RKTYP70 Dll *

RKTYP71 Dlu *

RKTYP72 Dlv *

RKTYP74 Oalf *

RKTYP75 Oals *

RKTYP77 Ds1-6 *

RKTYP78 Ds6-9B *

RKTYP79 D3Ab *

RKTYP80 Oaux *

RKTYP81 PM1m *

RKTYP82 K4x *

RKTYP83 Dw3A *

Appendix B.  List of variables tested for the regression model—Continued

[DEM, Digital elevation model; DLG, Digital line graph]
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Variables Definition of variable
* Indicator 

variable

Bedrock unit--Continued
RKTYP86 Sa2x *

RKTYP87 Sc *

RKTYP88 Sf *

RKTYP89 Sfc *

RKTYP90 Sfr *

RKTYP91 Sfrb *

RKTYP92 Sfrc *

RKTYP93 Sfrg *

RKTYP95 Sg *

RKTYP96 SObg *

RKTYP98 Smsf *

RKTYP99 SOb *

RKTYP100 Dc3Am *

RKTYP101 Sp *

RKTYP102 Spr *

RKTYP103 SOe *

RKTYP104 Spvs *

RKTYP105 Spvx *

RKTYP106 Sr *

RKTYP107 SOk *

RKTYP108 Src *

RKTYP109 Srl *

RKTYP110 Srlp *

RKTYP111 Sru *

RKTYP112 Srup *

RKTYP114 Ssf *

RKTYP115 Ssfb *

RKTYP118 De9 *

RKTYP119 Ssfx *

RKTYP120 Zmz *

RKTYP121 SObc *

RKTYP123 Sn2-3A *

RKTYP124 Sn1x *

RKTYP128 Oaus *

RKTYP136 Oh2h *

RKTYP139 Oo1-3A *

RKTYP140 Oo1-3B *

RKTYP142 Oo1b *

RKTYP144 Oo1h *

Appendix B.  List of variables tested for the regression model—Continued

[DEM, Digital elevation model; DLG, Digital line graph]
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Variables Definition of variable
* Indicator 

variable

Bedrock unit--Continued
RKTYP145 Oo2-3A *

RKTYP146 Oo2b *

RKTYP147 Oo2bx *

RKTYP148 Oo2h *

RKTYP149 Oo3B *

RKTYP150 Oo3B-6 *

RKTYP152 Oo4-7h *

RKTYP159 Opv *

RKTYP160 Oq *

RKTYP161 O-Cd *

RKTYP162 O-Cdp *

RKTYP163 O-Czl *

RKTYP164 O-Czu *

RKTYP173 OZrb *

RKTYP174 OZrz *

Topographic variables
SLOPE Percent slope derived from 1:24,000-scale DEM

SECDRV Curvature derived from 1:24,000-scale DEM

SLOPE250 Slope derived from 1:250,000-scale DEM

CURV250 Curvature derived from 1:250,000-scale DEM

HILLTOP Derived from 1:24,000-scale DEM *

HILLTOP2 Derived from 1:250,000-scale DEM *

DRAW2 Valley bottom or swale derived from 1:250,000-scale DEM *

DRAW3 Valley bottom or swale derived from 1:24,000-scale DEM *

HILLSIDE Derived from 1:24,000-scale DEM *

HILLSID2 Derived from 1:250,000-scale DEM *

ELEV24 Elevation derived from 24:000-scale map or DEM

lnACCUM Natural log of the number of DEM grid cell uphill of the well

ACCUM The number of DEM grid cell uphill of the well

DISTH20 Distance to surface water, in feet determined from the 1:24,000-scale DLG

LNDSTH20 Natural log of the distance to surface water

SDCODE Stratified drift *

Proximity to lineaments (within 100 feet)
DSTLO Proximity to low-altitude lineaments *

DSTLSAT Proximity to Landsat lineaments *

DSTHI Proximity to high-altitude lineaments *

DSTALL3 Proximity to all three *

Appendix B.  List of variables tested for the regression model—Continued

[DEM, Digital elevation model; DLG, Digital line graph]
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Variables Definition of variable
* Indicator 

variable

Interactions between major lithologic groupings and proximity to lineaments
L1HI L2HI L3HI L4HI L5HI L6HI *

L7HI L1LO L2LO L3LO L4LO L5LO L6LO L7LO *

L1LSAT L2LSAT L3LSAT L4LSAT L5LSAT *

L6LSAT L7LSAT R29HI *

Interactions between plutons and lineaments
PLUTHI *

PLUTLO *

PLUTLSAT *

PLUTALL3 *

Interactions between metasediments and lineaments
METAHI *

METALO *

METALSAT *

METALL3 *

Interaction between plutons, lineaments, and 10-degree orientation categories
PAC1-PAC18 *

Interaction between metasediments, lineaments, and 10-degree orientation categories
MAC1-MAC18 *

Interactions between rock units and proximity to lineaments
R29LO R29LSAT R35HI R35LO R35LSAT R38HI R38LO R38LSAT R39HI R39LO *

R39LSAT R45HI R45LO R45LSAT R55HI R55LSAT R57HI R57LO R57LSAT *

R66HI R66LO R66LSAT R71HI R71LO R71LSAT R77HI R77LO R77LSAT R81HI *

R81LO R83HI R83LO R83LSAT R86HI R86LO R86LSAT R97HI R97LO *

R97LSAT R101HI R101LO R101LSAT R102HI R102LO R102LSAT R103HI R103LO *

R103LSAT R107HI R107LO R107LSAT R114HI R114LO R114LSAT R118HI R118LO *

R118LSAT R120HI R120LO R120LSAT R121HI R121LO R121LSAT R122HI *

R122LO R122LSAT ... *

Interactions between major lithologic groupings and topographic variables
L1SDRV L2SDRV L3SDRV L4SDRV L5SDRV L6SDRV L7SDRV *

L1HILL L2HILL L3HILL *

L4HILL L5HILL L6HILL L7HILL L1HLL2 L2HLL2 L3HLL2 L4HLL2 L5HLL2 L6HLL2 L7HLL2 *

L1DRAW L2DRAW L3DRAW L4DRAW L5DRAW L6DRAW L7DRAW *

L1DRAW3 L2DRAW3 L3DRAW3 L4DRAW3 L5DRAW3 L6DRAW3 L7DRAW3 *

Water use
COMERCL Commercial supply well *

PUBLIC Public supply well *

Construction method
CABLE Well drilled with a cable tool rig *

Appendix B.  List of variables tested for the regression model—Continued
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Variables Definition of variable
* Indicator 

variable

Demand instruments
YEAR Year well drilled *

INCOME Median household income from 1990 census data *

DRILLER1-DRILLER25 Drillers in the State with the most number of wells drilled *

REGIONAL VARIABLES

Lineaments (The following lineament variables restricted to just plutons or just metasediments)
TOPOBUF Within 100 feet of a lineament identified by the use of the topographic contours *

CIRBUF Within 100 feet of a lineament identified by the use of color infrared photographs *

Fracture-correlated lineaments - DOMAIN ANALYSIS (primary fracture set)
D180BUF Within 100 feet of a 80,000 lineament -- domain analysis *

D120BUF Within 100 feet of a 20,000 lineament -- domain analysis *

D1LSTBUF Within 100 feet of a Landsat lineament -- domain analysis *

D1TPOBUF Within 100 feet of a topographic lineament -- domain analysis *

D1CIRBUF Within 100 feet of a color infrared lineament -- domain analysis *

Fracture-correlated lineaments - DOMAIN ANALYSIS (any peak greater than 30 percent of primary 
peak)

D380BUF Within 100 feet of a 80,000 lineament -- domain analysis *

D320BUF Within 100 feet of a 20,000 lineament -- domain analysis *

D3LSTBUF Within 100 feet of a Landsat lineament -- domain analysis *

D3TPOBUF Within 100 feet of a topographic lineament -- domain analysis *

D3CIRBUF Within 100 feet of a color infrared lineament -- domain analysis *

Fracture-correlated lineaments - DOMAIN ANALYSIS (any peak greater than 50 percent of primary peak)
D580BUF Within 100 feet of a 80,000 lineament -- domain analysis *

D520BUF Within 100 feet of a 20,000 lineament -- domain analysis *

D5LSTBUF Within 100 feet of a Landsat lineament -- domain analysis *

D5TPOBUF Within 100 feet of a topographic lineament -- domain analysis *

D5CIRBUF Within 100 feet of a color infrared lineament -- domain analysis *

Fracture-correlated lineaments - 1,000 foot buffer technique
K80FRACT High-altitude lineament *

K20FRACT Low-altitude lineament *

LSTFRACT Landsat lineament *

TPOFRACT Topographic map lineament *

CIRFRACT Color infrared lineament *

ALLFRACT High-altitude, Landsat, topographic, or color infrared lineament *

Appendix B.  List of variables tested for the regression model—Continued
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 Appendix B.  List of variables tested for the regression model—Continued

Variables
Bedrock 

unit
Definition of variable

* Indicator 
variable

Geologic units mapped in the Pinardville and Windham quadrangles, New Hampshire

DG Dg Binary granite and granitic pegmatite *

DMG Dmg Muscovite granite *

DP Dp Pegmatite *

DSG Dsg Spaulding granite *

MD Md Diabase and lamprophyre dike

MDP Mdp Porphyritic diabase dike *

PDMG PDmg Migmatite gneiss *

PZMG PZmg Layered migmatite and restite *

PDG Pdg Damon Pond granite *

PPG Ppg Granite and pegmatite *

SOB SOb Biotite-plagioclase-quartz granofels and schist and calc-silicate rock *

SOBQ SObq Quartzite, biotite-plagioclase-quartz granofels, and calc-silicate rock *

SOBW SObw Well bedded biotite-plagioclase-quartz granofels and schist and calc-silicate rock *

SAG Sag Porphyritic granite to granodiorite *

SAGD Sagd Granodiorite *

SAGDG Sagdg Garnetiferous granodiorite *

SR Sr Light-gray biotite-muscovite schist *

SRB Srb Biotite schist and granofels *

SRLB Srlb Layered biotite granofels *

SRMG Srmg Migmatite schist and gneiss *

SRQ Srq Rusty quartzite and schist *

SRR Srr Rusty-biotite-muscovite schist *

ZMA Zma Amphibolite gneiss *

ZMLG Zmlg Layered paragneiss and orthogneiss *

CNTXBUF Within 100 feet of a mapped contact *

AXMBUF Within 100 feet of a mapped fold axis *

DIKBUF  Within 100 feet of a mapped dike *

FAUBUF  Within 100 feet of a mapped fault *

ISOBUF  Within 100 feet of a mapped isograd *

AXMBUF Within 2,000 feet of the axis of the Massabesic Gneiss Complex anticline *
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APPENDIX C.  REGRESSION MODEL 
TESTS

The statewide analysis of bedrock yields by this 
project involved developing a complex statistical 
model. Large data sets were used to examine geospa-
cial data, and the resultant model was subjected to a 
variety of statistical tests.

Test for an Endogenous Variable

A test was applied to evaluate the use of the 
instrumental variable technique to eliminate the effect 
of the inherent relation between well yield and depth.  
The use of instrumental variables is not a preferred 
method of estimation if the predictor variables are not 
correlated with the error term. Thus, in order to 
determine the appropriateness of this method, a statis-
tical test of the predictor variable, natural logarithm of 
depth, was required to determine if it is an endogenous 
variable. The test used is described by Hausman 
(1978) and evaluates the null hypothesis that the 
regressors and the residual are independent. Under the 
null hypothesis, coefficient estimates obtained by 
either ordinary least squares (OLS), or by instrumental 
variables, are consistent and unbiased in large 
samples. Also, under the null hypothesis, the method 
of OLS produces more precise coefficient estimates 
than do instrumental variables. The test consists of 
obtaining two sets of estimates of the coefficients, one 
estimated by OLS and the other estimated using 
instrumental variables, and determining if the differ-
ence in the coefficient estimates is significantly 
different from zero. 

An “omitted variables” form of the test is 
described by Godfrey (1988, p.194-195). The original 
regression equation is augmented with additional 
explanatory variables, which consist of the residuals of 
the potentially endogenous variable (lnDEPTH) 
determined from an OLS regression of lnDEPTH on 
the original set of instrumental variables not under 
investigation. The augmented equation is estimated 
using the instrumental-variable technique with instru-
ments consisting of the original set, plus the 
potentially endogenous variables. If the coefficients 
associated with the augmented variables are jointly 
significant, as determined by a likelihood-ratio-test 
statistic distributed as chisquare with degrees of 
freedom equal to the number of augmented variables 
(1), then the null hypothesis that the potentially 
endogenous variables are exogenous and can be 
rejected. 

Applying the test described in the previous 
paragraph, lnDEPTH is shown to be endogenous, and 
the use of a two-stage model with instrumental 
variables is appropriate. Results of the test yield a chi-
square test statistic of 521 with one degree of freedom, 
and a significance of 0.00. As the significance is less 
than 0.05, the null hypothesis that lnDEPTH is 
exogenous was rejected. 

Specification Test

A “well-specified” model (Godfrey, 1988) is 
one where the functional form is correct and the 
residuals are homoscedastic (for example, the distribu-
tion of the residuals are similar throughout the range 
of predicted values). The coefficient estimates and the 
associated estimated standard errors are unbiased. 
Concurrently, predictions from the model will be 
unbiased and the standard formula for evaluating 
prediction accuracy will be correct.

There are many tests that can be used to validate 
model specification. Godfrey (1988, chap. 4) presents 
a comprehensive description of specification tests. The 
test used (White, 1982; p. 1-25) for the regression 
model addresses the issue of specification if there is no 
explicit alternative model under consideration. The 
test determines if squared values of residuals are 
correlated with instrumental variables. The test is 
sensitive to misspecification in the regression equation 
and heteroscedasticity in the data and will likely 
trigger a false positive indication of misspecification, 
particularly if there are a lot of instrumental variables 
used.  

The test is significant for the model, as 
determined by its F statistic, indicating that there is 
evidence of heteroscedasticity. The F statistic is 194.5 
with a p-value less than 0.0001. The null hypothesis 
that there is no misspecification is rejected. As most 
predictors are dichotomous, the likely cause of the 
rejection is heteroscedasticity. All nine predictors of 
lnYIELD, which were identified as significant by the 
test (table C1), are dichotomous. In other words, there 
are significantly different variances between popula-
tions where the indicator variables are 1 and where 
they are 0. The weight column in table C1 represents 
the ratio of the variance of the residuals, where the 
variable is zero, divided by the variance of the 
residuals, where the variable is one.



Figure C1. Distribution of model residuals for New Hampshire shown as a (A) bell curve and (B) cumulative curve.   
Kolmogorov statistic D is 0.0209 with a probability greater than D of less than 0.01.

The practical implications of the tests described 
previously are that estimated probabilities will be 
somewhat over or underestimated for sites in the 
following areas. For those sites where the weight ratio 
is less than one (SOb, Zmlg, and RKTYP120), the 
probability of obtaining a given yield tends to be 
underestimated for probabilities less than 50 percent 
and overestimated for probabilities greater than 
50 percent. For those sites where the weight is greater 
than one (PZmg, RKTYP103, RKTYP107, and 
RKTYP57), probabilities tend to be overestimated for 
probabilities less than 50 percent and underestimated 
for probabilities greater than 50 percent. The weight 
for LITHO2 is close to 1 and the probability estimates 
should be consistent if LITHO2 is 0 or 1. There also is 

Table C1. Significant predictors in the specification test of 
the model used in this study

[All variables are defined in table 2]

Variable Coefficient Significance Weight ratio

SOb 0.45 0.0001 0.82

Zmlg -.45 .0199 .95

PZmg -1.13 .0180 1.49

RKTYP103 -.40 .0291 1.22

RKTYP107 -.64 .0101 1.39

RKTYP120 .69 .0001 .79

RKTYP57 -.25 .0165 1.16

CABLE -1.06 .0001 2.33

LITHO2 .15 .0203 1.00

much less variance among wells drilled by cable tool 
than for wells drilled using other techniques. In 
predicting probabilities, however, it is assumed that the 
site is not to be drilled by cable-tool construction, and 
an adjustment of the probabilities is not necessary.

Residual Statistical Distribution

Testing for normality of the residuals is 
important with a regression model. The cumulative 
distribution function of the residuals was determined 
by use of SAS/INSIGHT software. Confidence bands, 
at the 95-percent confidence level, also were 
determined using SAS/INSIGHT. The Kolmogorov 
statistic D, the maximum vertical distance between the 
two distribution functions, was then used to test the 
null hypothesis that the population distribution is 
normally distributed. In the normality test, the null 
hypothesis is rejected because at some point, the 
normal distribution falls outside the confidence band 
(fig. C1).   

Although the Kolmogorov statistic D test 
indicates that the residuals are not normally distributed, 
at the 95-percent confidence level, the graphical distri-
bution (fig. C1 (A and B)) is near normal. Thus, for 
practical purposes, the model is considered appropriate 
for estimating probabilities equaling or exceeding a 
given yield.
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Residual Spatial Distribution and Spatial 
Analysis

The spatial distribution of residuals was 
evaluated to see if there is a need for further regional-
ization of the model. Statewide maps of the residuals 
were made to see if positive or negative residuals 
(color coded) are grouped in regions. A non-uniform 
coverage of well distribution can cause bias in a 
misspecified regression model, and there are areas in 
southern New Hampshire with significantly higher 
densities of data than in the rest of the State. The 
regression model, however, accommodates this by 
using predictor variables that describe the well-site 
characteristics. Areas with large amounts of data in 
southern New Hampshire potentially could dominate 
the equation. If this happened, then a pattern should be 
apparent on statewide plots of the residuals maps. 
Areas with few data would show a bias positively or 
negatively, and this was not observed in the map. 
Instead, an even distribution of positive and negative 
residuals generally were displayed.  

Locally, spatial distributions also were 
evaluated in the Pinardville quadrangle where 
numerous wells are clustered. There is a similarity of 
well yields with medium and low yields (less than 
40 gal/min) for wells aligned in a direction north-
northeast to one another among and in specific 
geologic units (Drew and others, 1999). The hypoth-
esis of the model described in this report, however, is 
that spatial features inherent in the predictor variables 
explain systematic spatial features of the yield data. If 
this hypothesis is correct, then the residuals from the 
regression model will be independent. If it is not 
correct, then standard errors of the regression coeffi-
cients will be biased downward and predictions of 
well yield at a given site could be improved by 
incorporating known yield data at neighboring sites. 
This result can be tested by examining the spatial 
distribution of the model residuals.

Declustering of the data was not necessary, on 
the basis of a spatial test of the residuals for the 
Pinardville 7.5-minute quadrangle (fig. C2). Pinard-
ville is the quadrangle with the highest density of data 
in the State. Results of the test did not show spatial 
significance, therefore, corrections to the model for 
this potential bias are not considered necessary.   

Estimates of spatial correlation for model 
residuals in the Pinardville 7.5-minute quadrangle are 
shown in figure C2. Correlations are computed by 
binning the separation distances between pairs of 
wells. The results for binning separation distances into 
100 cells across the quadrangle are shown in figure 
C2. The results of the estimates show little evidence of 
spatial correlation or of any directional preference in 
residual correlations. All correlations are small even at 
fine scales such as a 1,000-cell analysis (not shown). 

Numerical correlations for the center of the 
separation space are listed in table C2. For the 100-cell 
analysis, correlations are all statistically insignificant. 
Each correlation in the table is based on at least 
1,332 pairs. There are few correlations that exceed the 
significance threshold (or absolute value of the 
correlation greater than 1 over the square root of n, 
where n is the number of paired residuals used to 
compute the correlation for a given cell—the 
minimum n is 337). There is no recognizable pattern to 
the correlogram (fig. C2), and the statistical signifi-
cance of certain correlations appears random. A 1,000-
cell analysis (not shown) has fewer observations per 
cell than a 100-cell range. Again, none of these results 
showed evidence of a spatial pattern. The site charac-
teristics that are used as input to the regression model, 
including the additional regional variables, account for 
the spatial relation observed between well yields; 
therefore, the spatial correlation of the model residuals 
is not a concern.  

Comparison of Verification and Primary 
Data Sets

There are a number of tests available for 
comparing the results of a primary data set with those 
of a verification data set. Chow (1960) provides a test 
to determine if there is a significant difference in the 
coefficient estimates of two independent regressions. 
Two sets of data combined into a common data set. A 
test model is then constructed in which each coeffi-
cient in the model is estimated with a companion 
coefficient that is multiplied by a verification data-set 
indicator. For example, the effect of depth in the test 
model would be represented as

, (3)b dI+( ) DEPTHln
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