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APPLICATION OF HRAM SURVEYING TO CAMBRIAN EXPLORATION IN THE APPALACHIAN BASIN 

ALLAN SPECTOR’ AND ALAN J. LEAVE$ 

ABSTRACT 

High re*“,“tion aer”magnetic surveying has been done in an area 
tucatect in tile ““rthwestem flank of tile Appalachian Basin. The sur- 
“eying was dune lor CambrighL Car corpurirtiun “f Lund”“, 
Ontario, for purposes of exploration for hydrocarbons in Cambrian 
strata overlying the Precambrian basement. A number of oil fields 
have ken devrloprd in these rucks. e.g.. tile Inner!cp. G”bkS and 
Clearvitk PO& 

From B detailed analysis of the magnetic data, using n rartler con- 
Yentional methud “f analysis, based “” m”detling, four Precambrian 
lithologic units were disdnguished according to magnetic surccpti- 
hility and also sense of mapnetiration. The distribution of known 
hydrocarlmn reservoir rocks was found to be highly correlated with 
the contacts qamting these milgnrticfiitholugic units. Some 01 Lhe 
magnetic contacts were, in places, identified as faults as refkcted in 
seismic data. Also, roncs of increased reservoir thicknen\ were COI- 
related u’ith rocks of higher magnetirationiiron content and thus 
could he expected to be less res~sfanf to eroston. 

The magnetic data were found to he useful in providing informa- 
tion ahout the potential location of st~~fwat as well as stratigraphic 
traps. It is concluded that sc~snuc iurveym~ wer ‘bus~ic wuc- 
ture prospects” would hc B cost effective means of hydrocairhon 
exploration in this region. 

INTRODUCT~N AND GEOLOGICAL SEXING 

This paper presents a case history in the application of 
high resolution aeromagnetic data to hydrocarbon expora- 
tion. The setting is southwestern Ontario. 

Figure 1 shows the location of the study area from the per- 
spective of the regional geology of Canada. Most, if not all, 
of the geological material referenced in this paper, including 
Figure I, are taken from Sanford et al. (1985). The study 
area is located on the flank of the Algonquin Arch; a major 
positive basement structure that separates the Michigan and 
Appalachian Basins. The study area is located on the updip 
edge of the Appalachian Basin which to the east thickens to 
over 13 000 m of Paleozoic rocks. Underlying SW Ontario, 
the 800 to 1500 m thick sedimentary succession hosts hydro- 
carbon pools in distinct levels described in Figure 2; in shal- 
low Devonian structures, in Silurian pinnacle and patch 
reefs, in Ordovician dolomitized limestones and in Cambrian 
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sandy dolomite overlying the Precambrian - the focus of 
this paper. 

Figure 3 shows the “conceptual fracture framework” for 
SW Ontario proposed by Sanfcud et al. (1985); an idealized 
system of faults proposed to be associated with the develop- 
ment of the Algonquin Arch. This structural model is fairly 
consistent with known faulting and with a great deal of well 
geological data. 

Figure 3 also shows the location of Cambrian gas pools, 
namely the lnnerkip, Gables and Clearville Pools. The loca- 
tion of all of these pools appear to be associated with the 
proposed structure model. Figure 4 shows an isopech map 
which defines the north limit of Cambrian deposition/hydro- 
carbon reservoir development. This map is taken from Bailey 
and Cochrane (1984). Virtually all of the development is in 
Cambrian intervals of sandy dolomite less than IO m thick. 
Figure 5 describes the Innerkip and Gables Pools in section. 
These pools are located at depths less than 900 m below 
ground or 1100 m below the aeromagnetic survey altitude. 
The lnnerkip Pool, currently developed by Cambright Gas, 
has produced over 20 Bcf gas. The Gables Pool produced 1.5 
million barrels of oil and 5 Bcf gas. 

MAGNETIC DATA AND ITS ANALYSIS 

Aeromagnetic Data 

Figure 6 is a Vertical Gradient Aeromagnetic Map of the 
Innerkip-Gables area. The data was obtained from a high 
resolution survey conducted by Terraquest Survey 
Corporation of Toronto in 1991, on behalf of Cambright Gas. 
The “grid” survey consisted of both NW and NE directed 
lines at 500 to 700 m spacing and 500 m barometric altitude 
(about 200 m above ground). The data, measured using a 
Cesium vapour magnetometer, has a system noise compo- 
nent of less than 0.1 nT. To this is added a 2 to IO nT cul- 
tural noise component associated with man-made objects 
such as well casing, pipelines, culverts, etc. 

Survey products included Total Intensity and Vertical 
Gradient (calculated) maps as well as composite profiles 
of this data together with diurnal magnetic and altimeter 
data, all at I :30,000 scale. Figure 7 shows a sample of this 
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Fig. 1. Regional geological setting of project area. from Sanford et al. (1985) 

composite profiling as well as analysis annotations describ- 
ing anomaly discrimination, location of magnetic contacts, 
depth determination, etc. Experience has shown the author 
(A.S.) that only about half the geological data that is 
extractable from survey data are expressed in magnetic con- 
tour maps and their derivatives. To achieve full productivity 
the data must be examined in profile form. 

Magnetic Modelling 

The magnetic data analyses were done with refuence to 
model anomaly profiles. Figure 8 shows a few of the suite of 
21 model anomaly profiles that were plotted for this study. 
To compute the profiles, we used the following geomagnetic 
field characteristics for the area; 

declination: 6 degrees west 
inclination: 73 degrees north 
intensity: 57,000 nT 

The model profiles simulate anomalies created by various 
prismatic bodies (infinite strike length, vertical dip, infinite 
depth extent and flat top) which comprise infrubasement 
lithologic units. Also, profiles were computed over plate-like 
bodies that approximate topographic structures or suprubase- 
menf features. Induced magnetization only was presumed; 
susceptibility contrast of 1000 x 10.’ cgs units. The model 
profiles provide a basis for locating magnetic contacts and 
estimating depth of burial. Because the model profiles are 
computed for vertically dipping bodies, they provide a refer- 
ence for determining direction of magnetic bedding dip in 
cases where observed anomalies display clear asymmetry. 
Computation of the model profiles was done using a FOR- 
TRAN program which utilizes the expression for the mag- 
netic anomaly due to a vertical step given in Grant and West 
(I 965, p. 3 19.320). 

An important observation from modelling is that the mini- 
mum resolvable width of a magnetired zone is the depth to 
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Fig. 2. SW Ontario stratigraphy and hydrocarbon development. from Sanford et al. (1985). 

that zone. In the study area, this width is about 1200 m. The 
anomaly due to a 20 m wide zone is not distinguishable from 
that of a 1200 m wide zone. This has important implications 
in the resolution of structural mapping, e.g., the minimum 
separation of adjacent structures. 

Suprabasement anomaly amplitudes as seen in the lower 
four inserts of Figure 8, are observed to be much smaller; 8 
to 10 nT than those due to corresponding infrabasement fea- 

tures; 100 nT, even though topographic relief is about 100 m. 
Assuming magnetisation by induction only, the modelling 

can also be used to estimate magnetic susceptibility from 
anomaly amplitude and estimated body size. Using an empir- 
ical relationship shown on page 367 of Grant and West 
(1965) we can convert susceptibility to an estimate of mag- 
netite content of the rock unit that is the source of the mag- 
netic anomaly. 
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Fig. 3. Sanford’s conceptual structural framework. 

Magnetic Depth Determination 

The empirical “straight-slope” method (SSM) of determin- 
ing depth to magnetic basement was employed because of its 
simplicity, proven reliability and versatility. This hands-on 
approach permits the analyst to more readily distinguish 
noise features (conspicuous wavelength composition) and 
also deal with the problem of overlapping anomalies. The 
method is less likely to produce spurious results that so often 
emanate from computer-automated processing. 

Having identified at least part of an anomaly, the analyst 
examines that part of the anomaly exhibiting steepest gradi- 

ent and then marks the length of the straight slope portion, as 
seen in Figure 8. The horizontal projection of this interval 
(S) serves as an estimator of depth (H). S is independent of 
anomaly amplitude. For further evaluation of the SSM, the 
reader may be directed to Rao and Babu (1984). Results 
observed from the model anomaly study are summarized 
below; 
For anomalies that are infrabasement in origin; 

S = 0.5 H thin bodies (W < 2s) 
S = 0.6 H “normal” bodies (2s < W < 4s) 
S = 0.7 H thick bodies (W > 4s) 
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Fig. 4. Shadow Lake-Cambrian isopach map. from Bailey and Cochrane (1984) 

For anomalies that are suprabasement in origin; S = 0.45 H. 
W is a measure of apparent body width: the distance 

between inflection points. The inflection point is located 
midway in the delimited straight-slope interval. By compari- 
son, Rao and Babu (1984) estimated S = 0.6 H (thin body) 
and S = 0.8 H (thick body). 

It has been the author’s experience that the SSM method 
produces results that have a reliability of t 20%. This is 
equivalent to f 240 m in the study area. Steenland (1963) 
demonstrated a similar result in the Peace River area of 
Alberta. 

The SSM is part of II First pass “phase” of operation that 
permits virtually all detectable gradients to be used for mag- 
netic contact and depth mapping. In the second phase, the 

digital data together with available gravity data, in selected 
areas of interest, were modelled using a published, interac- 
tive modelling software package called GRAMA (Seeman, 
1990) to create structure sections. 

Magnetic Contacts 

Figure 7 shows, as an example, the analysis of a data inter- 
val. Magnetic data at coarse and fine scales, radar altimeter 
and magnetic monitor data are plotted. The analysis results 
include anomaly resolution, magnetic contact location, depth 
determination and the discrimination of non-geologic, cul- 
tural features (C). 

The magnetic contacts mark transitions between rock units 
of differing magnetisation as well as possible basement 

71 Drcrmber ,wx 



ALLAN CFECT0K ;d ALAN J. I.E,AYEK 

m GO5 :_^le m i"aduiq mlcrroi 
0 II, ,nne E-J FOdl 1IOCC 

I _.~~~~~~~~ 

GOBLES POOL 

4001 

1 
51 

W/3 I3 NE 
0 . . . 0 D 

cmun 
-5150 m S”b3.l 

4001 
1 

. 

GO5 mm @:I P,oduc.ng ,n,Cr”m 

mm zor,r F.:g FO”,! !roCr 
5l 

I 

L 
Fig. 5. Sections across lnnerkip and Gobles Pools. from Bailey and Cochrane (19841, 

<II<, 72 ,>//, .,,, I,?, ,I’,Ji 



Fig. 6. Vertical gradient aeromagnetic map of study area 

stnxxures. The first rock type to mob1 readily identify is that 
exhibiting relatively minimal magnctization. If the pn,file is 
sufficiently Iung. WC may discern those units exhibiting nil 
magnctiration; the “neg” 7ones. Secondly. rock unit\ assuci- 
ated with ;anomalia of rwersc d polarity (nay bc identified. 
Two or three of these units were mapped in the northeast part 
of the study area. These “rem” xnec we indiclltivc 01 rocks 
that either have appreciable rcmunent magnetisation or 
cxhihit di:~lmagnetism. il less likely phenomenon. Lastly. 
rocks exhibiting moderate magnetiation (magnetic rclicl 
under I00 nT) and rocks cnhihiting rclativcly high magnsti- 
zution irclicf cxcccding 200 nT) arc discriminated. 

The maynctic contact together with anomaly amplitude 
information are awlpiled in a Magnelic Contxtx Overlay. 
This map i, \upel-imposed on the Tolal intcnity Map (Fig. 9) 
and subsequently onlu the Vcl-lical Grndicnl Map and the 
Bougucr Ciravily Map (Fig. I II to map stwcturcs. 

Magnetic conlilct mapping is similar to the “terracing 
operator” which CordelI and McCaffery (198% used un 
magnetic data that had hccn rransf(mned to pscudogravity 
data, to dclinc houndaries hetwsen rock unit\ of contrasting 
magnsfization. Huucvcr this approach suffers rrom the loss 
in nxolution that result\ from using gridded data 3% oppoxd 
to viewing the basically unpl-ocessrd /)I unadullcratcd data 
profiles. Also. the magnetic cunlxts approach allows himu- 
tancous depth-to-hascment mapping and al\o pcrmirs the 
integriuion of rewlt\ from olhcr datascts. cg.. Imagnrlic cow 
ti,cts tnkcn from other. overlappir~~ \urvcy\ and cvcn ~~uund 
survey data. 

Figure IO shows the Precambl-ian gculogy of the project 
wx as inlcrrcd frum the acromagnetic data analysis. Figure 
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Fig. 7. Sample of aeromagnetic profile analysis to locate anomalies, contacts and determine depth lo basement. 

1Oa includes the legend for this map. Various magneticllitho- 
logic units and structures are represented in this map. For 
purposes of correlation, well locations are shown in the map. 
Also included is the six metre Shadow Lake-Cambrian 
isopach. This is the minimum thickness to permit economic 
pool development. 

Non-Magnetic Rocks 

As seen in profile form, magnetic intensity values over 
these rocks are at minimal level. We might expect that these 
rocks have relatively higher silica content (least ferromagne- 
sium content). These rocks occupy much of the west quarter 
of the area. 

Rocks of High Magnetite Content Reversely Magnetized Rocks 

These rocks have an estimated magnetite content of 0.2 to 
0.5% and are reflected by magnetic relief of 100 to 300 nT. 
They are distributed in two north-trending, arcuate-shaped 
zones. We might expect that these ferromagnesium-rich 
rocks would be less resistive to erosion. In Cact we can, in 
places, correlate an increase in the thickness of the Shadow 
Lake-Cambrian interval with these zones. 

Rocks of Moderate Magnetite Content 

These rocks ( 0. I to 0.3% magnetite) are reflected by 5 to 
100 nT relief. They are distributed in a series of narrow, 
north-trending belts in the east half of the area and in a rather 
discordant, west-trending broad zone to the west. 

These rocks are identified in the survey data by anomalies 
that are reversed in sign. These rocks are mapped in two nar- 
row, north-trending belts in the east half of the map. 
Remanent magnetiration and, possibly, diamagnetism are 
explanations for these anomalies. Remanent magnetiration is 
sometimes associated with rocks having very high magnetite 
content and can also be the result of metamorphism. 
Diamagnetism is associated with certain igneous rock types 
such as anorthosite. As an aside, it should be noted that 
quartz, marble, rock salt and anhydrite are known to be dia- 
magnetic. 

Deduced Fault Structures 

Having mapped the contacts of these magneticllithologic 
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Fig, 8. Magnetic model profiles. W is distance between inflection points, H is depth of burial and S is the horizontal width of the zone of maximum 
gradient (straight slope). 
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Fig. 9. Magnetic contacts overlay; contacts, anomaly amplitudes. bedding dip and depth determinations. Overlay is superimposed on total intensity 
magnetic map. contour interval is 5 nT. 

units, we may now examine the possibility that some of these 
contacts are faults that in places have affected sedimentary 
rocks overlying the basement. We may deduce faults on the 
basis that a contact is characterised by one or more of the 
following features; 

(a) magnetic trends across the contact are discordant, 
(b) there is an apparent offset in the location of B magnetic 

“ml, 
(c) a magnetic zone is terminated, 

A number of fault systems are discerned; 
*System 1 includes FI, Fla and Flb which are north- 

trending faults that mark a major discordancy in mag- 
netic trend, 

*System II comprised of WNW-trending F3a, F3b, F3c 
and F3d which are associated with noticeable dislocations 
of magnetic units, 

* System 111 includes faults F5, F5a, F6 and F6d associated 
with noticeable N-trending lineation. 
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Fig. 10. inferred Precambrian geology map including drill hole locations. 

Both the Innerkip and Gables Pools are seen to be associ- 
ated with the intersection of System II and System III faults. 
Gravity data (see Fig. 11) appear to corroborate this interpre- 
tation. We note that fault Systems II and Ill can be correlated 
with fault lines depicted in the “conceptual fracture frame- 
work” proposed by Sanford et al. (19X5). 

CORRELATION WITH SEISMIC DATA 

Prior to the aeromagnetic surveying, about 300 km of seis- 
mic data had been acquired in the area. Surveying was done 
by Signature Geophysical and Trace Exploration with I6 m 
shot and receiver interval. 

Figure I2 shows an example of the seismic data in a line 

that crosses a magnetic contact. The magnetic contact is 
coincident with a half graben clearly represented in the seis- 
mic data. A vertical break of 40 m is indicated. Where seis- 
mic data are available, a high correlation was observed, 
about 80% of the time, between faults that were resolvable 
on seismograms and magnetic contacts. Thus aeromagnetic 
data provide a means of projecting fault structures expressed 
in seismic data or for locating structural leads for follow-up 
seismic surveying. 

CI.EARVILLE POOL AND AEROMAGNETIC DATA 

The clearville Pool is located 100 km southwest of the 
Innerkip-Goblcs area. This Cambrian pool, discovered in 
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Fig. 10a. Interpretation legend accompanying Figure 10 

1962, is at a depth of 1180 m below ground and produced 
about 1.4 million barrels of oil. Figure 13a describes the 
available magnetic data over this pool. The 19.54 survey con- 
sisted of east-west lines at 1600 m spacing (one mile), 500 m 
ASL. Because of the wide line spacing, the 15 nT anomaly 
associated with this Precambrian structure is observed on 
only one survey line. Unquestionably a HRAM survey is 
needed to effectively prospect for other structures like 
Clearville. 

* dolomitization of Ordovician limestones, 
* localization of Silurian pinnacle and patch reefs, 
* development of Devonian structure resulting from leach- 

ing of underlying Silurian salt beds. 
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FAUI.TS AND EXPLORATION IN Y~UNCER STKATA 

The focus of this paper has been an examination of the 
relation between fault structure mapping from aeromagnetic 
data and the localization of Cambrian pools. In addition to 
vertical displacement of strata, faulting may also play a role 
in pool development through increased rock permeability 
and the creation of pressure barriers. According to Sanford et 
al. (19851, faulting plays important roles in the development 
of both stratigraphic and structural traps in younjier ~frafa, as 
portrayed in Figure 14. parts A, B and C; 
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Fig. 11. Bouguer gravity map, contour interval is 0.1 mgal. 
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