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Abstract

The fracture geometry of the Platteville and Galena formations was studied in outcrops in
southeastern Minnesota in order to learn the structural relationship between the two
carbonate layers. Joint strike data collected from five roadcuts reveal two sets of
throughgoing joints striking E.N.E. and N.W. with mean values of 318 + 12 and 66 = 10.
This suggests a simultaneous propagation of the two joint sets in an event common to
both formations. The Fractal Spacing Ratio for Platteville was 1.1 and for the Galena was
.6. Possible mechanisms for the observed jointing could be release jointing and digenetic
microfracture. The presence of throughgoing joints in the formations has important
implications for hydrology.

Keywords: fractures; joints; Middle Ordovician ; carbonate rocks; Goodhue County
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Introduction

The structural geology of southeastern Minnesota is often overlooked. The
bedrock of the area is a relatively featureless mound of sediment nestled safely in the
middle of the North American Craton. It has not been disturbed in a significant manner
for over 1.1 billion years and even that event was arrested before completion. Since then
there have been placid seas and expansive plains of grass, but never a hint of orogeny or
any significant tectonic activity. In order find a structural geology question it is necessary
to study things less obvious then a country spanning fault system or an upthrusted
mountain range.

Throughgoing joints are non-displaced fractures which move through multiple
stratigraphic layers as shown in Fig. 1 (Gross, 2007). They often occur as systematic
joints that are usually planar subparallel joints having a regular pattern of spacing
(Hodgson, 1961; Engelder, 1980). Cross-joints are distinct from systematic joints, having
been formed after the systematic jointing and oriented subnormal to the systematic joints
(Bai, 02; Ruf, 1998). Joints form either through tension normal to the fracture plane or
compression parallel to fracture plane Fig. 2 (Quesada 09). They propagate across thick
inhibiting layer boundaries by fracturing the intervening layer, which in turns initiates a
jointing at a pre-existing joint in the new layer with a slightly different orientation from
the original joint (Helgeson, 1991). A joint approaching a layer stiffer than its own
(having a higher Young’s modulus) will have it propagation increasingly impeded
whereas the reverse if true for a stiff layer approaching a less stiff one. The nature of the

contact is also very important as between similar materials a strong interface will allow a
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Figure 1. Schematic representation of fracture distribution
representation and hierarchy common to sedimentary rocks.
The joint set described in this paper is a throughgoing fracture
(after Gross 2007).
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Figure 2. Two possible jointing mechanisms: A) failure under tension normal to the
fracture plane; B) Failure under compression parallel to the fracture plane (axial cleavage
fracture). The terms o1, 02, and 03 stand for the major, intermediate, and minor stresses.

after Quesada 2009.




continuous joint path, but a weak interface the joint path will deflected along the failed
interface.

In this study my primary objective was to use observation in the field to prove a
shared system of jointing existed between two non directly contacting units. In addition I
wanted to apply various theories as to the ultimate origin of the joint sets observed. The
outcrops studied lie in Goodhue County, in southeastern Minnesota. Fig. 3 shows their

location relative to major roads and towns.

Geologic Setting

The two units of interest are the Upper Ordovician carbonate Platteville
Formation and the Galena Group. More specifically the focus in on the Prosser and the
Cummingsville Members of the Galena Group and in this paper the term Galena will
refer to those units. As seen in Fig. 4 the Galena lies above the Platteville and is separated
by the Decorah Shale. The Decorah consists of thin-bedded limestone heavily
interbedded with grey-green shale (Mossler, 2008). The Galena is a thin-bedded
limestone with some very thin shale beds between the beds and is approximately 14 m
thick. The Platteville is a dolomitic limestone that is approximately 3.7 m thick in the
area of study. The contact between the Platteville and the Decorah is a regional
discontinuity whereas the contact between the Decorah and Galena is conformably
diachronous and is the result of transgression. The Ordovician carbonates of the region
such as the Galena and Platteville are the result of a shallow sea that extended inland
from the Iapetus Ocean and covered the center of the Laurentian paleo-continent

(Ludwigson, 1996; and Niocaill, 1997). The upper terminus of the sea in southeastern
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of southeastern Minnesota with relevant
sections highlighted. After Mossler 2008.



Minnesota was the Hollandale Embayment that was over an epeiric ramp that extended
across what is now the Upper Mississippi Valley. On the ramp was deposited carbonate
material from marine organisms, which formed Upper Ordovician carbonate layers of the
region. As a result of isostatic adjustments leading to subsidence within the Embayment
there is now a broad syncline of Lower Paleozoic rocks in the Valley at the bottom of
which are large sheet sandstones (Runkel, 2007: and Lively, 1997).

There has been no large-scale tectonic activity in the region since the deposition
of the Platteville and Galena however, there are some structural features that are often
hard to distinguish due to glacial drift. Several faults lie in the counties surrounding
Goodhue as can be seen in Fig. 5. Most notable is the Empire Fault in Dakota County as
well the Vermillion anticline that is cut by several faults. The Vermillion is the largest of
a series of en echelon anticlines which formed from vertical movement along segments of
northeast-trending Keweenawan red sandstone horsts which were earlier displaced in
respect to each other by northwest-trending strike-slip faults (Mossler, 1972). The
Keweenawan sandstone dates to the late Precambrian during the time of the Mid-

Continent Rift.

Methodology

Fracture analysis was conducted at five roadcuts labeled A-E in Fig. 6. Each
outcrop consisted of a single unit with four being Platteville and one Galena. The roadcut
was visually inspected for potentially throughgoing joints. To be considered a candidate

joint it had to extend from the bottom of the exposed rock to the top as seen in Fig. 7. Ifa






joint was observed to terminate in the middle of the outcrop it would by definition not be
a throughgoing joint. Following identification as a potential throughgoing joint it was
measured by Brunton hand compass and its strike was recorded. All joints measured were
established to be vertically dipping so dip was not further analyzed. Difficulties were
faced in differentiating between the effects of road blasting and true fracture. Rock faces
that formed a plane parallel to the road could possibly have been a joint plane or simply a
point where rock sheared away during the creation of the road cut and it was only through
many observations were they able to be identified and eliminated from the data. Each
joint measurement was assigned one of three grades based on confidence in the feature
being a true joint. They were minus, neutral, and plus. A measurement would be given a
plus if especially distinct and a minus if unclear. The others that were simply adequate
would not be annotated. Many of the minuses were the ambiguous road-parallel plane.
After all data was collected the minus observations were compared to the rest of the
recorded strikes and if it did not match any pattern it was thrown out. Six observations
ended up being disregarded as being the result of road construction rather than natural
fracturing.

An attempt at measuring the aperture of each joint was done simultaneously with
strike measurement. This was not always possible to measure the aperture for several
reasons. Many joints were represented by a single face extending up to a meter from the
rest of the formation with the point of contact covered by scree preventing measurement.
Other times the aperture would narrow or more rarely expand as it went farther into the

rock face preventing a firm observation from being taken.



Joint spacing was measured using the line-method as described by (Wu, 1995;
Gross, 1997; Rives, 1992 and Wennberg, 2006). The area-method was not feasible as the
observations were taken from cross-section. Furthermore it was apparent from visual
observation that the joints were well developed as described by Wu (1995) with joint
length much greater than joint spacing. Thus there was no need to use the area method as
there would be if the joints were poorly-developed (joint length less than joint spacing).
A new scan line was used at each roadcut so there were five scan lines in all. The optimal
length of at least 30 meters could not be employed due to the limited size of the outcrops
and the periodic interruptions because of scree. There is a possibility that the periodic
occurrence of a spacing measurement that was approximately double the previous
measurement were caused by a joint being skipped due to obscurity. Separate spacing
observations were recorded for each joint set. Fig. 8 shows spacing at outcrop C.

In addition to the primary fieldwork in Minnesota, photographs were taken in
northern Iowa of the top of the Platteville at the Platteville-Decorah contact. This was in
order to find out if the joint sets observed in the Minnesota roadcuts were related to the
ones in Iowa. The joints seen there were photographed then had their relative angles

measured.

Results
Joint Strike

Orientations of throughgoing fractures are summarized in Table 1 and represented
in Rose Diagrams in Fig. 9. A bimodal distribution of joint orientations was found in both

in the Galena and the Platteville with one set striking E.N.E. and the other set striking
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N.W. The mean strikes for the Galena was 313° + 16 and 77° + 15. The composite mean
strike for all the E.N.E. set was 66° = 10 and for the N.W. it was 318° = 12. Roadcut C,
which was the only Galena outcrop, is notable for its high standard deviations and more
irregular rose diagram which may due to lower N than cuts A, D, or E. Strikes for the
roadcuts along route 14 can be seen in Fig. 10. Fig. 11 shows examples of both main joint

orientations at outcrop A.

Joint Spacing

In addition to the data in table 1 Fig. 12 is a histogram of joint spacing for
Platteville and Galena. The mean spacing for the Platteville is 4.3m and the median is
3.4m with a standard deviation of 2.3. For the Galena the mean is 6.0m, the median is
6.2m, and stdev is 1.1. The Platteville has very high stdev due to highly variable spacing
measurement ranging from 1.7-12. However, if the two upper outliers, 12 and 9.7 are
removed then the stdev is 1.7 with a mean of 3.9m and a median 3.3m. The mean
spacing increases 2.6 m = .7 for N.W. joint set and 2.7 m = .8 for E.N.E. set in roadcut A
to 6.8 m = 1.7 and 6.5 m = 2.5 in roadcut D 8.6 km south down the road.

The Fracture Spacing Ratio (FSR) is the mechanical layer thickness divided by
the median fracture spacing (Ruf, 1998). In the Platteville the FSR = 1.1 which is within
the expected .8 — 1.5 range. The Galena has an FSR of .6 but this is with an N of only 5.
Narr (1991) placed an upper limit of 1.3 for FSR before the bed reached fracture
saturation and no more joints were formed so a mature bed like the Platteville should be
close to 1.3. Using Pascal’s (1997) and Bai (2000) Joint Spacing/Bed thickness

calculation for the Platteville we get a ratio of 1.0 which is comparable to Pascals results
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in limestone beds and Bai’s .8 to 1.2 range for a well developed joint set. The Galena is
1.6.
Joint Aperture

Fig. 13 shows the histogram for all recorded joint apertures. The mean is 7.3 cm,
the median is 3.5 cm, and the stdev is 9.6. The high standard deviation is to be expected
from the poor quality of data anticipated in the methodology. The inter-outcrop

comparisons on table 1 yield no patterns either.

lowa Photos
Fig. 14 shows the photos of the joint sets in the Platteville in Northern Iowa. The
relative angles measured at 90 for one set and 115 for the other. These do not compare to

relative angles found in Goodhue and thus are not related.

Discussion
Chronology

With the presence of two discrete joint set in the formations there then is the
question of whether they were formed simultaneously or separately and if separately then
which set came first. Younger joints will propagate up to but not cut across older joints if
the older joints had no tensile strength at the time of propagation (Engelder, 1985; Dyer.
1988; and Gross, 1993). A lack of tensile strength would indicate that the stress field in
which the joint formed is not longer active and thus the process by which the joint formed
is over. Thus, pre-existing systematic joints serve as mechanical layer boundaries and

inhibit propagation of later cross joints. However, if the stress field is still active for Joint
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A then a joint B will have no difficulty propagating through it. Since the bimodal set
observed in the Platteville and Galena crosses each other they were formed at the same

time.

Origin

Engelder (1985) posits four main mechanisms of joint formation and propagation
in sedimentary basins. The first two, tectonic and hydraulic jointing, form at depth prior
to uplift due to abnormal fluid pressure. In tectonic jointing the abnormal fluid pressure is
caused by tectonic compaction and in hydraulic jointing abnormal fluid pressure is
caused by overburden loading. The last two, unloading and release jointing, form near to
the surface and is caused by thermal-elastic contraction accompanying erosion and uplift.
They differ because in joints caused by unloading the orientation is caused by residual or
contemporary tectonic stress whereas in release jointing the orientation is determined by
rock fabric. While release joints are the only one of the four not to be controlled primarily
by tectonic stress, tectonics still influences orientation. When the sediment buried the
orientation of the future joint plane is normal to tectonic compression and process of
burial increases that stress. After erosion and uplift the joints release in the manner
determined by the stresses put on the sediment before and during burial rather than on
any contemporary stress. In a sense all four jointing mechanisms are determined by
tectonic stress, but release jointing occurs after a relatively long time lag from the initial
stress as compared to the other mechanisms. Of the four jointing mechanisms tectonic
seems least likely due to the lack of any strong tectonic forces. Likewise with unloading

jointing there is no obvious candidate for a strong tectonic force in the region that would
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have effectively orientated the Galena or Platteville as it was uplifted. Engelder did his
work in the Appalachian Plateau where the orogenic forces were strong, but even so the
primary jointing mechanism quickly transitioned from tectonic jointing to into unloading
while still on the Plateau. Those kinds of forces are not present in the upper Midwest.
Hydraulic jointing is unlikely due the extreme amount of overburden loading necessary to
increase the fluid pressure. It is more often seen in artificial oil and gas recovery as a
means of gaining access to reservoir. Several different kinds of measurements would
need to be taken in order to fix one mechanism as the cause for the Galena and Platteville
throughgoing jointing. Drilling a deep well and taking strike data in order to have a
comparison with surface rock would show whether orientation is being formed at depth
which would indicate tectonic or hydraulic jointing. If the data does not match to
orientations found shallower that would mean jointing is occurring relatively near to the
surface indicating unloading or release jointing. A geomorphologic study of erosion and
overburden could support or eliminate unloading. For unloading to occur, the removal of
overburden equal to more than 50% the initial depth of burial is required. If that did not
occur than unloading could not have caused the jointing. Finally, comparing joint planes
to various folds in the vicinity would show possible tectonic influences. Release joints
can form joints parallel to the axes of the fold in fold and thrust belts long after active
folding occurred. A possible contender for a release joint stress influence is the
Vermillion anticline series whose axis is approximately E.N.E. matching one of the
studied joint sets.

Digenesis can be a source of fracture initialization (Das Gupta, 1983). Processes

such as dolomitization cause microfractures to form in carbonate rocks. This small
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fracture can, with modest tectonic stress such as might occur in southeast Minnesota,
propagate into larger fractures and move through boundaries. Platteville is a dolomitic
limestone and this process may be behind the observed jointing. As it’s Young’s modulus

is higher than the Decorah Shale’s it would easily be able to propagate up to the Galena.

Conclusions

The Platteville and the Galena have a common joint set orientated E.N.E. and
N.W. Analysis of the fracture geometry show that the two joint planes formed at the same
time and propagated together. The Fracture Spacing Ratio is in common with previously
published results.

Despite the Platteville and Galena being a poor aquifer, the establishment that
there is shared joint set between the Platteville and the Galena has important broader
connotations for hydrology (Hogberg, 1972). Fracture flow is among the most important
means by which groundwater moves between stratigraphic layers (Michalski, 2007;
Tipping, 2006). Transport speed in a fractured carbonate rock can be much higher than
estimates based on uniform hydraulic conductivity. Land use decisions are highly
dependant on estimates of permeability and incorrect measurement through ignorance of
fractures in the area could case contaminants to flow dangerously close to well heads and

other vulnerable areas.
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