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Abstract—The geometry and distribution of the clastic dykes of the Ono district, North Sacramento Valley are
examined within stream sections. Five traverses along dry stream beds provide good exposure allowing the
spacing, thickness and geometry of the dykes to be recorded. The spatial and thickness distribution of the
dykes are considered using cumulative frequency plots, allowing a visual estimation of a best fit distribution.
Dyke thickness conforms best to a log-normal distribution. There is also a characteristic minimum dyke thick-
ness in a traverse and this is attributed to the minimum aperture that a fluid with sand clasts is able to exploit.
Dyke spacing, however, shows a good correlation with a power-law distribution for four traverses, suggesting
that there is a mechanistic control on the spatial distribution. Plotting dyke thickness against minimum dyke
spacing reveals that thin dykes do not generally intrude in isolation. Unlike veins and igneous dykes, clastic
dykes continue to provide preferential pathways for fluid flow, subsequent to their intrusion, thus inhibiting
intrusion in the area surrounding a pre-existing dyke. A combination of this process and dyke branching pro-
vides the best model for the observed spatial and thickness distribution of clastic dykes seen in the Ono dis-

trict, California. © 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Clastic dykes occur in a wide range of environments
(Maltman, 1994), occurring either as isolated intru-
sions (Martill and Hudson, 1989), or in swarms
(Diller, 1890; Peterson, 1966). Intrusion takes place
when there is a rapid loss of fluid from a poorly lithi-
fied clastic horizon, resulting in the fluidisation of that
horizon (Richardson, 1971; Nichols, 1995). Fluid
escapes through the propagation of a fracture; these
are normally vertical as typically the minimum com-
pressive principal stress is horizontal. Fluid may also
exploit a pre-existing fracture system (Cook and
Johnson, 1970; Tuswell, 1972). The sand clasts sub-
sequently infill these fractures resulting in a clastic
dyke. The orientations of clastic dykes have been used
to infer stress distributions at the time of intrusion
(Harms, 1965; Huang, 1988).

One of the first clastic dyke swarms to be recognised
was in the northwest Sacramento valley, in the Ono
district (Fig. 1), northern California (Diller, 1890).
These have been interpreted as a series of intrusions
injected along en échelon tension fractures associated
with NNE-SSW-trending strike-slip faults (Peterson,
1966). They intrude the Budden Canyon Formation, a
succession of marine shales, sandstones and conglom-
erates of Cretaceous age (Murphy et al., 1964). The
sands within the clastic dykes are similar to those
found within the succession. However, the source hor-
izon for the dykes has not been established and it is
therefore difficult to verify the height of the dykes
above source.

The intention of this paper is to analyse the range of
geometrical forms of clastic intrusions. Spatial and
thickness distributions of clastic dykes are also exam-
ined and are compared with four distributions, normal,
negative-exponential, log-normal, and power-law. The
processes that influence the intrusion of clastic dykes
are then discussed in the context of dyke thickness,
spatial positioning and intrusive form in an attempt to
establish those processes that exert the greatest influ-
ence in the generation of a clastic dyke swarm.

GEOLOGY OF THE AREA

The Budden Canyon Formation lies unconformably
on the Shasta Balley batholith, a quartz—diorite pluton
of Late Jurassic age (Kinkle et al., 1956). The Budden
Canyon Formation is subdivided into the Rector
Conglomerate Member, the Ogo Member, the Roaring
River Member, Chickabally Member, Bald Hills
Member, and the Gas Point Member (Fig. 1). The
members consist of mudstones, sandstones, and con-
glomerates, the subdivision being based on character-
istic sequences of these lithologies (Murphy et al.,
1964). The members range in age from Hauterivian to
Turonian. Unconformably overlying the Budden
Canyon Formation are the Tehama and Red Bluff
Formations, of Pliocene and Pleistocene age
(Anderson and Russell, 1939).

The Budden Canyon Formation is wedge shaped,
thickening from a stratigraphic thickness of 2100 m in
the north, to 6700 m in the south. The formation has
been folded into an open synform plunging gently
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Fig. 1. Geological map of the Ono district (adapted from Peterson, 1966). Indicated on the map are the major streams
along which the traverses were measured, the formations, members within the Budden Canyon Formation, and the lo-
cation of the traverses (numbers in boxes). The map inset shows the position of the field area within California.
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Poles to dykes » n=109
Poles to bedding = n=29

Fig. 2. Equal area stereogram of poles to bedding (solid squares)

and the poles to dyke wall (crosses), showing bedding dipping gently

to the east, and the consistent dyke trends in approximately the
ENE-WSW direction.

towards the east and in the study area the beds typi-
cally dip between 10° and 20° to the east (Fig. 2). The
clastic dykes are found towards the top of the Budden
Canyon Formation, with the majority of dykes cross-
cutting the Gas Point Member (Peterson, 1966).

METHODOLOGY
Dry stream beds provide complete exposed sections

through the dyke swarm. Traverses were measured in
30 m sections by laying out tapes that were then joined
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to form the traverse. These record the distance along
the traverse of dykes, their thickness, orientation, and
geometrical features, such as horn structures and flow
textures within the dykes. Streams at a high angle to
the mean trend of the swarm were used in order to
encounter the maximum possible number of intersec-
tions.

Due to the meandering nature of the streams, it was
necessary to correct the dyke spacing to 90° to the
mean trend of the dykes (see Appendix).

Five traverses were recorded intersecting a total of
77 dykes. The combined corrected length for the tra-
verses is 9070 m. The locations of the traverses can be
seen in Fig. 1, and were largely controlled by the ex-
posure of the swarm. As well as the dykes recorded
along traverses, the orientations and geometric charac-
teristics of other dykes were noted where poor ex-
posure prevented the use of the traverse technique of
collecting data. These dykes, however are not included
in the analysis of spacing and thickness.

DYKE ORIENTATION

The clastic dykes intrude the shales perpendicular to
bedding (Fig. 2), and show a remarkable degree of
alignment (Fig. 2), dip steeply, with 85% dipping to
the NNW (Fig. 3a). The dykes typically trend ENE—
WSW with a mean strike of 64° (Fig. 3b).

Although the orientations of the dykes are remark-
ably consistent, there are minor changes in orientation
that generate irregularities in dyke form. These mani-
fest themselves in the form of side-steps, branching
and merging of the dykes (Fig. 4a & b). Rafts of the
host rock are often seen in the dykes, particularly in
the thicker dykes (Fig. 4c). These rafts are often found
close to an irregularity in the walls of the dykes,
suggesting that the formation of wall irregularity and
raft is linked.
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Fig. 3. Frequency histograms of (a) dip and (b) strike of the clastic dykes.
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Fig. 4. Maps of the dykes. (a) Thin anastomosing dyke, showing the irregular geometries, and linkage between two of
the dykes. (b) Photograph of a planar vertical thick dyke, that is offset along bedding, towards the top. (c) Thicker dyke
with a raft of host shale suspended within the intrusion. Rafts are often associated with dyke wall irregularities.

THICKNESS AND SPACING OF THE DYKES

A preliminary glance at the data (Fig. 5) shows that
the dykes occur in groups; rarely do they occur in iso-
lation. This is apparent when plotting normalised
cumulative thickness against normalised distance
(Fig. 5). All the traverses, except traverse 5, have a
marked step form (Fig. 5). To examine the nature of
the dyke distribution along the traverses, the dyke
thickness and spacing distributions were examined sep-
arately, and then collectively, so as to establish if there
is any influence on each other.

Thickness distributions

The thickness of the dykes, recorded normal to the
dyke wall, range from a few millimetres to 1.3 m. The
data for each traverse were compared to normal
(Gaussian), log-normal, negative-exponential, and
power-law distributions using cumulative frequency
plots. These plots allow visual evaluation of the data,
establishing the correlation between the data and the
mathematical distributions. A straight line on one of
these plots shows conformity to that distribution.

For traverses 1, 3, 4 and 5 (Fig. 1), there is a good
fit to the log-normal distribution (Fig. 6). The data
from traverse 2 have the best fit to the negative-expo-
nential distribution (Fig. 6), though none of the model
distributions considered completely describe the clastic
dyke thickness data for this traverse. The clastic dyke
thickness data clearly do not correspond to a power-
law distribution, unlike other fracturing phenomena
such as vein thickness (Sanderson et al., 1994
Manning, 1994; Johnston and McCaffrey, 1996), fault
displacement (Walsh et al., 1991; Peacock and

Sanderson, 1994), and fracture aperture (Barton and
Zoback, 1992). It can be seen that, when displayed on
the power-law plots (Fig. 6), the data show a charac-
teristic tailing-off for dykes less than 0.1 m. As dykes
of this size would have been easily observed using the
traverse method, it is clear that the observed tail-off of
the data is real and not an artefact of the sampling
truncation caused by failing to record dykes with
thickness of less than 0.1 m.

The formation of igneous dykes provides another
example of a fracturing process that does not conform
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Fig. 5. Cumulative thickness of the clastic dykes, normalised to total
thickness, plotted against their distance along the traverse, normal-
ised to the total traverse length, for all five traverses. The distinctive
stepped form of the plots shows the spatial grouping of the dykes
measured along the traverses. The diagonal line shows the line along
which an even spatial and thickness distribution would plot.
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Fig. 6. The thickness data plotted on cumulative frequency graphs, allowing a visual comparison with (a) normal

(Gaussian), (b) log-normal, (c) negative-exponential, and (d) power-law distributions. A straight line on one of these

plots indicates a good correlation between the data and that distribution, for example traverse 1 (a) has a good corre-
lation with a power-law distribution.

to a power-law distribution (Jolly and Sanderson,
1995). The displacement (dilation) associated with
their intrusion is found to have a log-normal distri-
bution. The deviation from the power-law model, in
this case, can be attributed to the scale limiting process
of freezing, preferentially removing thin dykes from
the distribution (Jolly, 1996). Although freezing is not
applicable to clastic dykes a similar process is pro-
posed in the discussion section of this paper to explain
this deviation from the power-law model.

Spacing distributions

Dyke spacing along the traverses was measured
between the centres of adjacent dykes. This spacing
was then corrected so that the spacing normal to mean
dyke trend for each traverse was used in the distri-
bution analysis (see Appendix). Once the spacing cor-
rection had been applied to the data, it was treated in
the same way as the thickness data from the traverses.
The corrected spacing was again compared to normal,
log-normal, negative-exponential and power-law distri-
butions. A straight line in one of these plots indicates
a conformity to that distribution. For all of the tra-
verses, except traverse 5, the corrected dyke spacing
shows the best conformity to either power-law or log-

normal distributions (Fig. 7). The fact that these tra-
verses do not conform to a negative-exponential distri-
bution, and are not random, suggests that there is an
organisational control on the spatial position of the
dykes. Traverse 5 has the best conformity to a nega-
tive-exponential distribution (Fig. 7). The line sampling
method, however imposes a scale limit truncation to
the data, where there is a low probability of intercept-
ing spaces above a certain size within a finite distance.
This has the effect of causing a tail-off on the power-
law cumulative frequency plots (Pickering et al., 1995).
The data show good conformity to a power-law distri-
bution for 2.5 orders of magnitude, and where the size
of the spaces approaches within two orders of magni-
tude of the total length of the traverse, the data devi-
ate away from the power-law distribution. The tail-off
at the upper limit of dyke spacing is almost certainly
the result of sampling, i.e. there is a low probability of
having spaces between dykes greater than 100 m, when
the total traverse lengths are typically less than
1500 m. As this tail-off can be attributed to a sampling
effect on the data, it is felt that the data shows closest
conformity to a power-law distribution. This is per-
haps seen more clearly when the spacing data are
plotted against cumulative frequency per metre (Fig. 8).
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Fig. 7. The spacing data plotted on cumulative frequency graphs, allowing a visual comparison with (a) normal

(Gaussian), (b) log-normal, (c) negative-exponential, and (d) power-law distributions. A straight line on one of these

plots show a good correlation between the data and that distribution, for example traverse 1 has a good correlation with
a power-law distribution.

Plotting dyke spacing against cumulative frequency
per metre allows a comparison of the distributions
along the five traverses to be examined (Fig. 8). For
the first four traverses the data have a similar gradient
(Fig. 8). The dimension of these power-law distri-
butions, which is found from the gradient of the distri-
bution, ranges from 0.25 to 0.33 (Fig. 8). A power-law
distribution suggests that the system is scale-invariant,
at least over 2.5 orders of magnitude, and therefore
exhibits fractal behaviour. Pickering et al. (1995)
express the power-law relationship in terms of the
cumulative number (), a constant (a), a measure of
size (1), in this case spacing, and the exponent b, the
dimension of the distribution [equation (1)].

N=au? (1)

Using the gradients from the cumulative distribution
plots, a dimension of 0.29 is obtained for the spacing
of the dykes. The Cantor—Dust model (Mandelbrot,
1983) has been used to demonstrate the fractal nature
of mode I extensional fractures (Velde et al., 1990;
Kruhl, 1994) and is a useful aid in visualising the
meaning of a fractal dimension. This model is a one
dimensional fractal relationship, and simply involves
dividing a bar into segments (Fig. 9) and removing

one or more segments. This process is then repeated,
dividing each remaining segment into the same number
of segments, and removing one or more of those seg-
ments (Fig. 9). A low dimension, much less than 1
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Fig. 8. Log of dyke spacing plotted against log cumulative frequency
per metre for comparison of the gradients of the power-law distri-
bution for all five traverses. As can be seen from the plot they yield
similar gradients, of approximately 0.29, except for traverse 5. The
two lines shown have gradients of 0.29, and are given as a reference
lines against which to compare the slopes of the different data sets.
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Fig. 9. The Cantor-Dust model is a one dimensional fractal algor-
ithm. Two variations of the algorithm are presented here, (a) where
the dimension is 0.29, and (b) where the dimension is 0.96. A bar is
divided up into segments, some of which are removed, in the case of
(a), and nine, in the case of (b). This process is then repeated, divid-
ing the remaining segments into 11 segments, and removing one seg-
ment, in the case of (a) or nine, in the case of (b), this process then
repeated again. A low dimension, much less than 1, suggests that
large spaces are found in abundance relative to small spaces, the
dykes are, therefore, very localised (a). A higher dimension, closer to
1, suggests that small spaces dominate relative to large spaces and
that dykes are much more space filling (b).

(such as 0.29, as obtained from the spacing distri-
bution in Fig. 8), suggests that large spaces are found
in abundance relative to small spaces and the dykes
are, therefore, very localised (Fig. 9a). A higher dimen-
sion, closer to 1, suggesting that small spaces dominate
relative to large spaces, means that dykes are much
more space filling (Fig. 9b). Clearly, a dimension of
0.29 shows that the clastic dykes are extremely clus-
tered, forming intrusive pockets within the shales, simi-
lar to the Cantor—Dust distribution (Fig. 9a). The
consistency of the dimension for clastic dyke spacing
implies that there is some controlling factor for the
spatial distribution of the Ono dyke swarm.

Thickness—spacing relationship

The plotting of spacing against thickness allows the
examination of the relationship of these two variables.
The spacing (S) is calculated using the distances, from
the centre of the dyke to the centre of the nearest
dykes on either side, before (/,) and after (/,) along the
traverse.

_lb+la
2

There is little correlation between spacing and thick-
ness, though the dykes with the smallest spacing are
also the thinnest dykes (Fig. 10a). The data, however,
show a large scatter, and have no obvious trend. This
method of examining the correlation between spacing
and thickness, however, often obscures close spatial re-
lationships, as a result of combining small distances,
less than 1 m, with large distances, greater than 100 m,
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thus hiding the true influence of an adjacent dyke. A
better method is to plot the minimum distance to an
adjacent dyke against thickness. This shows the influ-
ence of dyke thickness on the spacing of adjacent
dykes. Using this approach a better correlation
between dyke thickness and the spatial position of
adjacent dykes is found (Fig. 10b).

Thin dykes are not able to intrude in isolation, thus
they do not have a large minimum spacing (Fig. 10b).
A thick dyke can have a small minimum spacing
(Fig. 10b), though these are often due to an associated
thin dyke, and rarely are two thick dykes seen adjacent
to each other. The thin dykes associated with a thick
dyke could be horn structures (Fig. 4a), or may have
branched from the thick dyke.

DISCUSSION
The high degree of alignment of the dykes suggests

that they were intruded into a stress system where the
intermediate compressive stress was much greater than
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Fig. 10. (a) Dyke thickness plotted against dyke spacing, where dyke
spacing is half the total spacing between the two adjacent dykes. As
can be seen from the plot there is no significant correlation between
the thickness and spacing of these dykes. (b) Dyke thickness plotted
against minimum dyke spacing, the minimum distance to an adjacent
dyke. Here there is a better correlation: more importantly there is a
cut-off at the lower right hand side which shows that thin dykes are
not discrete. This indicates that these clastic dykes are sensitive to
each other.
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Zone in which the presence
of a pre-existing dyke inhibits
the propagation of a new dyke.

Fig. 11. Schematic model for the clastic dykes, showing the influences of the processes of branching and dyke sensitivity

on the spatial and thickness distributions seen in the Budden Canyon Formation. The connectivity of the dykes through

the source beds inhibits the intrusion of dykes adjacent to pre-existing dykes. Branching, side-stepping and the formation

of horn structures causes there to be a spatial clustering of the dyke at a higher level in the sequence, as is reflected in
the spatial data.

the minimum compressive stress. Dykes intruding into
a system with the intermediate and minimum compres-
sive stress equal will have a wide range of orientations
and therefore link (Renshaw and Pollard, 1994). This
suggests that there was a tectonic influence at the time
of intrusion of these dykes (Peterson, 1966).

The dyke thickness distributions for four out of the
five traverses are log-normal (Fig. 6). Therefore, unlike
veins and faults, clastic dykes do not have a fractal
distribution for their displacement (dilation). The
dykes also have a distinct range of thicknesses, from
approximately 0.01 to 1 m. Where there are some thin-
ner dykes, as in traverse 1, they form small clusters of
linked dykes that have a combined thickness of
0.09 m. This suggests that there is a minimum thick-
ness for an intruding dyke, and explains why clastic
dyke thickness distribution does not conform to the
fractal model. A possible explanation for such a lower
limit to dyke thickness, is that a minimum aperture is
necessary before clasts can be carried along with the
flow of the expelled pore fluid (Kern er al., 1959;
Perkins and Kern, 1961). This imposes a scale limiting
process on the dilation of a fracture, and explains why
clastic dykes do not conform to a fractal distribution.

The low dimension, 0.29, for dyke spacing implies
that the intrusion of these dykes is extremely clustered.
The exceptional localisation of the clastic intrusions
could reflect a number of mechanisms:

(a) The localisation could be the result of the spatial
positioning of the source pockets of sand within
the Budden Canyon Formation, and thus the

spatial relationship of these dykes reflects the dis-

tribution of the source sand pockets.

Repeated branching of thin clastic dykes from a

main dyke will produce a spatial clustering of

intrusions (Fig. 11). Thick dykes, greater than 1 m,

often have thin dykes associated with them. The

branching of dykes typically occurs where the dyke

has side-stepped, as illustrated in Fig. 11.

(c) The spatial relationship of the dykes could be con-
trolled by the spatial distribution of stress associ-
ated with tectonic deformation. With this
mechanism however, a clustering of the dykes in
the zone of most intense deformation should be
seen. Although the dykes do show an intense clus-
tering it is difficult to link them to a particular
structure. However, as mentioned earlier, the high
degree of alignment of the dykes does suggest that
the orientation of these dykes is controlled by a
tectonic stress field.

(b)

The relationship between dyke thickness and minimum
dyke spacing shown in Fig. 10(b), indicates that dykes
are sensitive to the presence of adjacent dykes, and
therefore influence the locations of sites of subsequent
intrusion. It is suggested that unlike other fracture
flow phenomena in the crust, such as veins and
igneous dykes, which after mineralisation or magma
solidification no longer act as permeable pathways,
clastic dykes, once formed, continue to provide favour-
able flow pathways, as the sand within the fracture is
more permeable than the shales into which it has
intruded. This therefore facilitates a drop in fluid
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pressure in the sediments immediately adjacent to a
dyke and thus inhibits the formation of new dykes in
these areas. Clearly this process would hinder the clus-
tering of thick dykes.

The spatial relationship is probably the result of
more than one of these processes, as any one of them
in isolation will not produce the spatial and thickness
distribution seen in the clastic dykes of the Budden
Canyon Formation. Branching of dykes is a commonly
observed phenomena within the clastic dykes of the
Budden Canyon Formation. This, in combination with
the sensitivity of dykes to each other, is probably the
most likely explanation for the development of the
observed intrusive spatial arrangement (Fig. 11). The
dykes are spatially organised at the point of intrusion
from the source bed, as they are sensitive to the pos-
itions of the adjacent clastic intrusions (Fig. 11).
Irregularities in the dyke walls during intrusion into
the shales cause the dykes to branch forming local
clusters of intrusions (Fig. 11).

CONCLUSIONS

(a) Dyke thickness distribution shows conformity to a
log-normal distribution, suggesting a scale limiting
process affecting clastic dyke thickness. This is
attributed to a minimum aperture required for
intrusion, controlled by the grain size of the sand
within the fluid.

Spacing generally has a good conformity to a
power-law distribution. The fractal dimensions are
also consistent at approximately 0.29. This
suggests that clastic dyke intrusion is extremely
localised.

(c) There is a correlation between dyke thickness and
minimum dyke spacing implying that dykes are
sensitive to the presence of adjacent dykes. This
may reflect the fact that they remain preferential
flow pathways through low permeability sediments.
It is suggested that the most likely mechanism for
generating the thickness and spatial distribution of
these dykes is a combination of dyke branching
and the sensitivity of the dykes to each other.

(b)

(d)
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APPENDIX

Notation

Xo,Yo—The x and y co-ordinates of the start of the traverse.
Xu.yo—The x and y co-ordinates of the dyke.

D—The total distance along the traverse to the dyke.

D.—The corrected distance to the dyke.

Ds—Segment length.

1,—The direction from the dyke to the start of the

traverse.
o,,—The strike of a segment.
p.—The strike of the dyke.

The methodology used to correct for dyke spacing is outlined
below (Fig. 12). The first stage is to establish the location of the
dyke relative to the start of the traverse, here we use the length of
each segment (Ds) and the strike of each segment («,,) (Fig. 12).

Xp — Xo = Z(Ds €OS 0t) (A1)
1

n

Yn— D)o = Z<D5 sin OC,,)

1

(A2)

Having established the location it is possible to find the direction
from the dyke to the start of the traverse (u,) (Fig. 12).

4 = tan-! (ﬁ) (A3)
'n — Yo

R.J. H.JOLLY, J. W. COSGROVE and D. N. DEWHURST

Traverse

Fig. 12. A schematic diagram showing the notation used to find the
corrected spacing of dykes from an anastomosing traverse; details of
the methodology can be seen in the text.

Using this angle (i,) and the strike of the dyke (f,), the corrected
spacing (D.) can be found (Fig. 12).

De =/t = %02 + (i — ) sin, + ) (A4)



