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Recent, tectonically induced, surficial 
stress-relief structures in ·the Ottawa- Hull 
area, Canada 

Joe Wallach, Keith Benn, and Rolly Rimando 

Abstract: Contemporary reverse faults, marked by offset boreholes, were identified in two roadcuts, 
and recently formed pop-ups, which are surficial chevron folds, have been recognized in a quarry in the 
Ottawa- Hull area of Ontario and Quebec, Canada. Displacement directions of the hanging walls , 
marked by the offset boreholes, are commonly north-northeast to east-northeast, though one set shows 
displacement to the northwest. The pop-ups recorded during this investigation show average orientations 
of 120 and 063 o. These are similar to the average trends of 136 and 074 o documented in a previous 
study from a quarry about 20 km away. East-southeast- to southeast-trending pop-ups predominate in the 
two quarries and are kinematically compatible with most of the offset borehole directions recognized to 
date in the Ottawa-Hull area. Moreover, the quarry-floor pop-up trends in the Ottawa-Hull area are 
consistent with those of open field, lake bottom and other quarry-floor pop-ups in an area extending 
from the Miramichi region of New Brunswick into the east-central U.S.A. The compressional origin of 
the reverse faults and pop-ups, and the predominant orientations of those structures, are compatible with 
the current ambient stress field in eastern North America. This implies that both the displaced boreholes 
and quarry-floor pop-ups are products of that stress field, and , despite their presence in excavations, are 
tectonic in origin . 

Resume : Des failles inverses contemporaines, marquees par le rejet de trous de forage , ont ete 
identifiees dans deux coupes de chemin, et des structures de soulevement brutal appelees " pop-ups '' 
formees recemment, avec une allure de plis en chevrons superficiels, ont ete reconnues dans une 
carriere de Ia region d'Ottawa-Hull de )'Ontario et du Quebec, Canada. Les directions du deplacement 
des Jevres superieures, indiquees par le ctecalage le long des trous de forage, varient generalement de 
nord-nord-est a est-nord-est. Les directions moyennes des " pop-ups " mesurees dans notre etude sont 
120 et 063°. Elles different peu des directions moyennes de 136 et 074° rapportees dans !'etude 
anterieure d'une autre carriere distancee d'environ 20 km. Les directions est-sud-est a sud-est des 
'' pop-ups " predominent dans les deux carrieres, et elles sont tectoniquement compatibles avec Ia 
majorite des directions de decrochement le long des trous de forage observees jusqu 'a aujourd'hui dans 
Ia region d'Ottawa- Hull. En outre, les directions des " pop-ups " qui apparaissent sur les planchers des 
carrieres dans Ia region d'Ottawa- Hull sont similaires a celles des " pop-ups " reconnus en terrain 
decouvert, fond de lac et dans d'autres carrieres sur un territoire s'etendant de Ia region de Miramichi 
du Nouveau-Brunswick jusqu'au centre-est des Etats-Unis. Le regime compressif responsable de Ia 
formation des failles inverses et des " pop-ups », ainsi que les directions predominantes de ces 
structures, sont compatibles avec Je systeme de contraintes actuel dans I 'Est de 1' Amerique du Nord . Ce 
qui suggere que, d'une part, les decrochements le long des trous de forage, et d'autre part, les 
" pop-ups » sur Jes planchers des carrieres, sont les produits de ce systeme de contraintes, et, en depit 
de leur presence dans des excavations, its sont de nature tectonique. 
[Traduit par Ia redaction] 
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Introduction 

Offset boreholes at the surface of the Earth have been recog
nized in different parts of North America, and are clearly 
young features, which have been interpreted as neotectonic 
indicators recording displacements along preexisting bed
ding, foliation, or reverse fault surfaces (e .g., Block et al . 
1979; Bell 1985). Block et al. (1979) reported boreholes off
set in a reverse sense in southeastern Connecticut, U.S .A., 
with slip of the upthrown blocks having been to the southeast 
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Fig. 1. Map showing location of the study area. The 
encircled letters D, M, and N are, respectively, the locations 
of the Darlington Nuclear Generating Station, the epicentral 
area of the 1982 Miramichi , New Brunswick, earthquake, 
and Napanee, Ontario. 

eo· 70" 

on preexisting fault and foliation surfaces striking northeast 
and dipping from 5 to 30° to the northwest. Bell (1985) 
described updip, bedding-plane slip (reverse fault motion), 
marked by displaced boreholes and consonant with the cur
rent ambient stress field, in the Rocky Mountains of Alberta . 
Wallach (1990) documented borehole offsets along horizon
tal bedding planes exposed in the excavation of the Darling
ton Nuclear Generating Station. There, the upper units were 
displaced in the general direction of 230°, or essentially 
parallel to the maximum horizontal compressive stress direc
tion in the sedimentary rocks at the Darlington site, which 
averaged 242° from hydraulic fracturing measurements, and 
233° from overcoring data (Haimson and Lee 1980). 

Pop-ups are chevron folds that develop at the Earth's sur
face in response to the application of high horizontal com
pressive stress and release of the concomitant stored strain 
energy. Their formation requires, besides compressive stress, 
rocks with horizontal to nearly horizontal planes of weakness 
(bedding planes, fractures, etc .), which enable the upper and 
lower rock masses to become detached from each other. 
Most pop-ups form in layered sedimentary rocks, but they 
have also been identified in plutonic rock masses cut by hori
zontal fractures (e .g., Everitt et al. 1994) . They occur either 
as individual structures or as a series of connected but differ
ently oriented segments, and are found in open fields, on the 
bottoms of large bodies of water , and on quarry floors in 
different parts of eastern North America (White et al. 1973; 
Dames and Moore 1974a; Saull and Williams 1974; Adams 
1982; H.R. Williams et al. 1985; Wallach and Chagnon 
1990; D.A. Williams 1991; Thomas et al. 1993). Those 
found in quarries have also been referred to by Adams (1982) 
and H.R. Williams et al. (1985) as stress-relief, or stress-
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release buckles, respectively . Wallach et al. (1993) observed 
that, of the 337 pop-up segments measured in an area extend
ing from the Miramichi region of New Brunswick into 
the east-central U.S.A., approximately two thirds are oriented 
nominally northwest. Their presence in several areas charac
terized by moderate- to large-magnitude earthquakes, have 
led to pop-ups being interpreted as indicators of areas prone 
to macroseismicity, even where no large earthquakes have 
been documented in the seismological record (Wallach et al. 
1993). 

In this article, offset boreholes and quarry-floor pop-ups 
in the Ottawa- Hull area (Fig. 1) are described and their 
characteristics are interpreted in light of the current ambient 
stress field in eastern Canada. Offset boreholes were identi
fied in a semicircular roadcut at the St-Laurent exit ramp off 
Autoroute 50 in Hull, Quebec (Fig. 2a), which was opened 
in 1988, and in an excavated section of the bus transitway in 
Ottawa (Fig. 2b), which was opened in 1983. The quarry
floor pop-ups were found in the Construction Deschenes 
Ltee. limestone quarry west of Hull (Fig. 3), and constitute 
the second assemblage of such pop-ups recorded in the 
Ottawa-Hull area. Two sets of pop-ups in the H.J . 
McFarland Construction Company Ltd. limestone quarry 
southwest of Ottawa (Fig. 3) were reported earlier by Adams 
(1982). 

Offset boreholes 

In Hull, the borehole displacements record reverse fault 
movement, with slip having occurred along a thin shaly bed 
within the predominantly massive limestone of the upper 
Middle Ordovician Rockland Formation (Figs. 4, 5) . The 
bedding surface on which the reverse slip took place strikes 
131 o and dips 7 o to the southwest. Directions of displace
ment of the 16 measured borehole offsets range from 066 to 
080 °, with the average being 070 ° (Table 1; Fig. 2a). The 
amounts of displacement vary from 23 em, throughout 
the middle of the exposure, to 13 em near the base of the 
exposure (Table 1; Figs. 4, 5). Measurements of the dis
placements in Hull were first made in June, 1989, then were 
repeated in October, 1992, and again in June, 1994. No 
change in the amount of displacement was detected following 
the initial measurements, suggesting that the entire amount of 
updip bedding-plane slip was produced shortly after excava
tion of the bedrock. 

Boreholes 15 and 16 show significantly less offset (13 em) 
than do boreholes 1 -14 (23 em) (Table 1; Figs. 4 , 5) . This 
is due to the independent movements of two distinct blocks 
of rock separated by two nearly vertical fractures, which pre
date the reverse faulting. The fractures are approximately 
20 em apart, strike about 240 °, dip between 86 and 90°, and 
cut both the hanging wall and the footwall (Fig. 5). Both 
fractures are closed on the footwall, but as a consequence of 
the differential block movements on the hanging wall, both 
fractures there are open, with the amount of opening ranging 
from 4 em across one of the fractures to approximately 2 em 
across the other. 

Offset boreholes also occur in the limestone of the upper 
Middle Ordovician Hull Formation in Ottawa. There they 
are exposed along a northeasterly-oriented portion of the bus 
transitway between Parkdale Avenue and the eastern limit of 
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Fig. 2. Sketches of outcrop areas exposing offset boreholes. 
(a) St-Laurent off ramp in Hull . (b) Transitway in Ottawa. 
Solid a1Tows denote directions of borehole offsets; open 
arrows indicate both the approximate limits of offset borehole 
locations and the expected movement directions if 
displacement were solely a consequence of excavation; scales 
are approximate . 
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exposed bedrock, but they are not as spectacular as those in 
the city of Hull. They were identified along the southeast 
wall at four locations (Fig. 2b), and, like those in Hull, 
record reverse fault movement (Table 2). At all locations, 
displacements range from 2 to 5 em, and at all but one of the 
locations, the slip direction is north-northeast (008 °) to east
northeast (061 °) (Table 2; Fig. 2b). The sole exception 
reveals boreholes offset in the direction 320°, which is trans-

Fig. 3. Map of the Ottawa-Hull area showing the sites of 
offset boreholes and quarry-floor pop-ups, along with their 
respective displacement directions and orientations . 
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verse to the directions seen · elsewhere along the transitway . 
Though the amount (4-5 em) and direction of borehole 
movement could be determined, the surface on which the 
boreholes slipped was inaccessible; therefore, it was impos
sible to get a precise measurement of its orientation . 

Pop-ups 

Six pop-ups, situated in the southwest corner of the Deschenes 
quarry west of Hull (Fig. 3), were identified on the horizon
tal floor of the uppermost lift, approximately 5 m below the 
top of the quarry. Three (pop-ups l, 2, and 3) are, each, 
composed of two or more connected, but differently oriented, 
segments, whereas three others (pop-ups 4, 5, and 6) are 
individual structures (Fig . 6) . All are located more than 
30 m from the nearest quarry wall and deform the limestone 
of the upper Middle Ordovician Rockland Formation. The 
pop-ups are not very imposing structures, either in length or 
height (Figs . 6, 7). The longest of them comprises three seg
ments totaling 35 m, the shortest being 8 m long and none 
being more than a few centimetres high. The 13 pop-up seg-
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Fig. 4. Offset boreholes 1- 14 exposed along the St-Laurent exit ramp off Autoroute 50, Hull. 
(a) Panoramic view. (b) Close-up of the left side of a. Hammer rests on slip surface in both a and b. 
Numerical borehole designations increase from left to right. 

ments display a range of orientations, but most commonly 
trend east-west to east-southeast (Figs . 6, 8). Ten of the 
segments occur in the southeast quadrant (090-179°), with 
an average orientation of 120°, whereas the remaining three 
lie within the northeast quadrant (000-089°) and average 

063° (Fig. 8) . These two groupings are similar to two sets 
oriented 136 and 074 o that were recorded by Adams (1982) 
in the McFarland quarry southwest of Ottawa, nearly 20 km 
away (Figs . 3, 8) . Though pop-ups may form along preexist
ing faults or fractures, thereby suggesting that those struc-
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Fig. 5. Offset boreholes 15 and 16, and the two open vertical fractures separating the two blocks , which moved 
independently along the hanging wall seen in Fig. 4 . (a) The hammer is situated on the hanging wall between the 
two open fractures, both of which cross the bedding surface along which slip took place. The scale card rests on the 
bedding slip surface, directly above one of the two fractures that cut the footwall. (b) Close-up of displaced 
boreholes 15 and 16, and one of the two vertical fractures on the footwall (beneath the scale card). 
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Table 1. Amount and direction of reverse slip 
marked by borehole displacements exposed on 
the St-Laurent exit ramp off Autoroute 50, Hull. 

Amount 
Borehole Direction (em) 

068° 23 
2 068° 23 
3 069° 23 
4 068° 23 
5 070° 23 
6 068° 23 
7 066° 23 
8 068° 23 
9 068° 23 

10 072° 22 
11 Oi58° 22 
12 068 ° 22 
13 070° 22 
14 068° 22 
15 077° 13 
16 080° 13 

NoTES: Boreholes are informally designated by 
numbers, which increase progressively from left to 
right as illustrated in Figs. 4 and 5. The slip surface 
strikes 131° and dips 7o southwest. Two open, 
neurly vertical fractures, which strike about 240° , 
separate boreholes 1-14 from boreholes 15 and 16 
(please see text and Fig . 5). 

Table 2. Amount and direction of reverse slip marked by 
borehole displacements along four diftcrent surfaces along bus 
transitway in Ottawa. 

Strike and dip Nature of the Amount 
of slip surface slip surface Direction (em) 

124°/15° sw Bedding 061° 2 
100°/21° ssw Bedding 008° 2 
150°/13° SW Reverse fault 030° 4 
150°/[3° sw Reverse fault 045 ° 4 
150°113° sw Reverse fault 045° 4 
150°113° sw Reverse fault 040° 2.5 
Unknown (sec text) Bedding 320° -5 

tL1res influenced the pop-up orientations, that is not the case 
for those reported here. No fractures or faults were seen in 
the immediate vicinity of the pop-ups, except for those that 
formed in extension along the hinges of the pop-ups them
selves, as a result of the buckling. 

Discussion 

All of the pop-ups and borehole offsets identified in the 
Ottawa - Hull area occur on the horizontal floors and vertical 
walls, respectively, of recent excavations . This might give 
the impression that buckling of approximately horizontal 
beds, responsible for the pop-ups, and slip on inclined bed
ding planes, marked by the offset boreholes, were triggered 
exclusively by removal of overburden or laterally confining 
rocks. However, as shown below, there is kinematic evi-

Can. J. Earth Sci. Vol. 32, 1995 

Fig. 6. Map showing pop-up distribution and orientations in 
· the quarry west of Hull. 
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dence that these structures record the release of stored strain 
energy derived from the current ambient stress field and, as 
such, are mainly tectonic in origin. 

In Hull, the vertical rock wall is semicircular in shape 
and, where the displaced boreholes are exposed, its orienta
tion ranges from 020 to 050° (Fig. 2a). The adjacent open 
area, in which the exit ramp from Autoroute 50 to Boulevard 
St-Laurent is located, lies to the west and no1ihwest. There
fore, if bedding-plane slip were due solely to stress release 
resulting from excavation, it would be expected to occur in 
a westerly to northwesterly direction. However, the borehole 
offsets indicate that two different blocks moved up the 
inclined bedding surface, independently, in the directions 
069 and 079° respectively (Table 1) . Along the transitway in 
Ottawa, the vertical wall, where all of the displaced bore
holes were observed, trends 050-055° and is southeast of 
the roadway (Fig. 2b). Thus, the movement should have 
been into the excavation in a northwesterly direction if it 
were caused solely by quarrying. Instead, the updip displace
ment directions along three of the four different surfaces 
range from 008 to 061 o (Table 2) . Slip on the fourth was in 
the direction 320°, thereby being the only example seen to 
date in which the rock shifted directly into the excavation, 
although displacement was still updip rather than along 
strike. Therefore, in four of the five cases of borehole offset 
documented in the Ottawa - Hull area by the authors, the 
formerly confined rock masses did not migrate directly into 
the void created by the excavation, but moved updip and 
against gravity in a generally north-northeast to east
northeast direction. In the fifth example, though the rock 
mass did show movement directly into the excavation, it was 
still an updip rather than an along-strike displacement. 
Besides the offset boreholes described in this paper, others 
were observed in an excavation by Adams ·and Fenton 
( 1994 ), who reported updip displacement components toward 
both the west-southwest and northwest. 

In horizontally layered rock, the formation of quarry-



') ... 
3 , 
3 , 
3 

) 

:a 
) 

Wallach et al . 331 

Fig. 7. Examples of pop-ups seen in the quarry west of Hull. (a) Segments Ia and lb (upon which the hammer 
rests). (b) Pop-up 4. See Fig. 6 for locations. 

floor pop-ups may be triggered by the removal of the overly
ing rock, which reduces the vertical load to atmospheric 
pressure. However, data from the Ottawa- Hull area show 
that the average orientations of the pop-ups , and pop-up seg
ments, on the t1oor of the McFarland quarry southwest of 
Ottawa (Adams 1982) are similar to those in the Deschenes 
quarry west of Hull, although the two quarries are almost 
20 km apart (Fig. 3). The prevailing southeasterly trend sug
gests that the pop-ups in each quarry are not simply the 
product of local, quarry-related stress conditions. Moreover, 
the dominance of southeasterly trends, expressed by 17 of 
the 23 (74%) pop-up segments from the two quarries (Fig. 8c) , 
is consistent with the prevalence of southeasterly trends dis
played by 216 of the 328 (66%) other pop-up segments found 
thus far throughout northeastern North America (Fig. 9). It 
is clear, therefore, that the trends of pop-up segments are not 
random, a phenomenon that can only be explained if the pop
ups result from an essentially consistent regional stress field. 

No direct stress measurements have been reported for the 
area enclosing the outcrops examined . However , stress data 
have been obtained from elsewhere in eastern Canada and the 
adjacent U .S.A., examples of which follow. A much more 
complete review of stress-related information is contained in 
the comprehensive data base compiled by Adams (1987) . ln 
the area of Lake Ontario the maximum horizontal compres
sive stress (aH) is oriented generally east-northeast (Lindner 
1985) , though northwest to north-northwest trends occur in 
western New York State, adjacent to the lake (Dames and 
Moore 1974b). At the Darlington Nuclear Generating Station , 
east of Toronto , the maximum horizontal stress orientations 
in the sedimentary rocks range from 032 to 070°, and in the 
rocks of the underlying Precambrian basement, from 021 to 
025° (Haimson and Lee 1980). At the site of the 1982 
Miramichi, New Brunswick, earthquake, the average P-stress 
(aH) orientation is 055° (McKay et al. 1985). ln a limestone 
quarry north of Napanee, Ontario, about 160 km southwest 
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Fig. 8. Rose diagrams showing the orientations vs . frequency 
of quarry-floor pop-ups and pop-up segments in the 
Ottawa-Hull area. Each concentric circle represents one 
pop-up segment. (a) Deschenes quarry, west of Hull . 
(b) McFarland quarry, southwest of Ottawa (data from 
Adams 1982) . (c) Composite of the two . 

ooo· N=13 

080" 

100" 

(a ) 180' 160" 

Can. J . Earth Sci. Vol. 32, 1995 

Fig. 9. Rose diagram showing the orientations vs . frequency 
of 328 open-field , quarry-floor, and lake-bottom pop-ups and 
pop-up segments documented thus far in eastern North 
America (Wallach et al. 1993; J.L. Wallach, unpublished 
data, 1994) . Each concentric circle represents eight pop-up 
segments. The 23 in the Ottawa- Hull area, described in this 
paper, have not been included, but are shown in Fig. 8c. 
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of Ottawa, the aH orientation in the Gull River Limestone is 
050°, whereas in the gneissic granite of the underlying 
Grenvillian basement it is 066° (McKay 1986; McKay and 
Williams 1988). From borehole elongation measurements to 
a depth of 4.5 km, Plumb and Cox (1987) determined that 
the average orientations of <THin eastern Canada, the Appa
lachian Basin (eastern U.S.A.), and the lllinois Basin (central 
U.S.A.) are 054 ± 7, 058 ± 8, and 091 ±5° respectively . 
Except for the work of Plumb and Cox (1987), all of the 
stress measurements alluded to above were made in the depth 
range of 3-207 m below the surface. In summary, the maxi
mum horizontal compressive stress (aH) measured both at 
and near the surface, as well as at depth, is generally oriented 
from north-northeast to east-northeast. 

Conclusions 

The recently formed reverse faults, recorded by the offset 
boreholes, are characterized by the hanging walls having 
moved updip in a generally north-northeasterly to east
northeasterly direction, which parallels the predominant 
orientation range of aH in eastern North America. As for the 
pop-ups, the average orientations for the two sets in the 
quarry west of Hull are similar to those of pop-ups on the 
floor of a quarry southwest of Ottawa, almost 20 km away. 
Moreover, the dominant northwest-southeast pop-up trend 
in the two quarries in the Ottawa- Hull area conforms to the 
trends of most pop-ups in open fields, on lake bottoms, and 
on other quarry floors in an extensive area of eastern North 
America. As such, the majority of pop-ups in the Ottawa
Hull area, and throughout eastern North America, are funda
mentally orthogonal to the general trend of aH . 

Despite the recent reverse faults and quarry-floor pop-ups 
having resulted from quarrying and excavation, this activity 
was not primarily responsible for the development of those 
surficial structures. Quarrying and excavation removed the 
confining pressure on the affected adjacent and subjacent 
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rock masses, allowing release of the stored strain energy . 
Nonetheless, the principal reverse fault movements are 
generally parallel to, and the predominant trend of the 
pop-up segments are nominally orthogonal to, the general 
trend of aH in eastern North America. This strongly implies 
that the strain energy imparted to, and released from, the 
deformed rocks was derived from the ambient tectonic stress 
field that is present throughout eastern North America, 
including the Ottawa- Hull area. Thus, it seems reasonable 
to conclude that the recent reverse faults and quarry-floor 
pop-ups in the Ottawa- Hull area are neotectonic structures 
that formed in response to the current ambient stress field, 
even though those structures occur on the surface in machine- · 
made excavations. 

Although the majority of newly formed structures described 
in this study are oriented as expected, relative to the current 
ambient stress field, the reverse fault in which the hanging 
wall moved to the northwest, and the east-northeast-trending 
pop-ups documented in both this study and in that by Adams 
(1982), cannot be ignored. The secondary average pop-up 
trends in the two quarries, 063 and 074 o, are similar. More
over, they seem to be kinematically compatible with the 
reverse fault marked by boreholes displaced to the north
west. Thus, from the limited amount of available data in the 
Ottawa- Hull area it appears that the secondary set of struc
tures may also be related to the present-day, regionally 
extensive stress field; however, that relationship is not yet 
clear. 
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