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INTRODUCTION

Permian in age and the pluton Carboniferous.

Between latitudes 43° 40’ and 43° 50’ and
longitudes 109° 45’ and 110° 15’ over 300
dikes intrude a granodiorite pluton. The pluton
is unconformably overlain by Upper
Cretaceous and pre-Mesozoic sedimentary
basins (Graham et al., 2001). Dikes vary in
composition from quartz-rich granitoids to
hornblende leuco-gabbros and exhibit diverse
orientations. The dikes are proposed to be

The field area (Figure 1) was surveyed with
aerial photographs provided by Cari Johnson,
with TM Landsat data provided by the
University of Maryland Global Land Cover
Facility, and by vehicle. Thirty-six samples
were examined with an optical microscope,
and whole rock quantities of major, trace, and
rare earth elements were measured for twelve
samples using X-ray fluorescence and

Figure 1. Aerial photograph overlying topographic map of study area showing sample locations and
percent alteration of mafic minerals in thin section.

inductively coupled plasma mass
spectrometry. Uranium-lead geochronology is
being performed on zircons from the pluton
and from the oldest generation of felsic dikes.
Argon-argon analysis is being performed on
hornblendes from the two oldest generations
of mafic dikes. As of the Keck publication
deadline, these results were not available.

HÖVSGÖL – ULAANBADRAH
DIKES
At least six generations of dikes are found in
the study area. Cross-cutting relationships
establish relative ages, where cross-cutting
dikes are assumed to be younger. The oldest
dikes are coarse-grained felsic rocks, varying
from quartz-rich granitoids to granodiorites,
and are generally between 1 and 10 m thick.
The coarse-grained felsic nature of these dikes
is similar to the pluton, and therefore the dikes
are difficult to detect through aerial
photography. Dikes confirmed to be of this
generation generally strike between N70°E
and N90°E (Figure 2). The second generation
of dikes consists of thin (1 to 10 m), generally
fine-grained, hornblende leuco-gabbros.
Throughout the western and central parts of
the study area, these dikes strike
approximately N40°E. However, in the
northern and eastern regions, probable second
generation dikes strike in diverse orientations
(Figure 2). Third generation dikes are thicker,
typically between 10 and 100 m wide, and
mafic to intermediate in composition. Most of
these dikes are amphibole-bearing diorites,
though some apparent third generation dikes
are more felsic. Third generation dikes are
found in the central and southeastern regions
of the study area. In the south these dikes
generally strike between N40°E and N60°E
and in the north they strike around N30°W
(Figure 2). The fourth generation consists of
two dike swarms that bisect the field area.
The western swarm is approximately 10 km
long, strikes N42°W, and consists of at least
14 parallel dikes. The eastern swarm is about
7km long, contains at least 19 parallel dikes
and generally strikes N56°W. Dike
composition varies within the swarms. The
western swarm is the more felsic of the two,
with compositions ranging from granodiorite

to diorite. The compositions of the eastern
swarm range from quartz-diorite to gabbro.
The fifth generation consists of granitoid dikes
generally between 10 and 100 m in width.
Many of these dikes are significantly finer
grained than the felsic dikes of the first
generation. In the western region of the study
area, dikes either strike approximately N50°W
or approximately N60°E (Figure 2). In the
eastern region, dikes strike approximately
N75°W (Figure 2). The sixth generation
consists of thick (10 to 100 m) diorite dikes
that fan between N20°W and N10°E (Figure
2). These dikes occur only in the south-central

Figure 2. Rose diagram of dike orientations either
measured in the field, observed through aerial
photography, or observed through TM imagery.
Arrows indicate approximate direction of least
principle horizontal compressive stress (see
discussion).

portion of the study area.
Many dikes from all generations contain
prehnite, epidote, chlorite, dolomite, or
combinations of the four. Quantities of
epidote and chlorite are restricted by quantities
of Fe and Mg in the protolith. Thus, an
estimation of the absolute percentage of
alteration minerals is not useful. Displayed
percentages (Figure 1) represent ratios of
quantities of unaltered ferromagnesium
minerals (most often amphiboles) to quantities
of chlorite, epidote, and dolomite. A value of
100+ indicates that the quantities of epidote in
the sample seem to exceed the amount ferromagnesium available in protolith minerals.
Samples from 12 dikes representing all 6
generations were analyzed for major element,
trace element, and rare earth element

composition (Table 1). Zirconium and
hafnium have similar partition co-efficients, as
do niobium and tantalum (Rollinson, 1993).
Therefore the ratios of the pairs respectively
were plotted against each other (Figure 3).
Samples with similar melt fractionation
conditions should plot similarly. Data
centered around three types (Figure 3).
Table 1: Generation and location of geochemical
samples
Sample
ID
1
3A
5
7
10
17
25B
28C
30A
32
33
33M

Generation
3
6
3
3
5
5
4
2
1
3
4
4

?

Location
Central
South-Central
South-Central
South-Central
Eastern
South-Central
Western
Northwestern
North-Central
North-Central
Central
Central

Figure 3. Zirconium/Hafnium vs.
Niobium/Tantalum for Hövsgöl – Ulaanbadrah
dikes. Samples in circled regions might be
genetically related.

DISCUSSION
The alteration minerals present in some dikes
are associated with subgreenschist facies
metamorphism at 150°-300° C and 2-4 Kbars
of pressure (Bucher and Frey, 2002).
However, the pattern of alteration of mafic
minerals (Figure 1) does not appear to have
occurred as a single regional event, because
alteration is not uniform and does not vary
according to geography. In certain locations,
such as the fourth generation dike swarms,
percent alteration varies from 100% to near

0% within 20 m. We propose that the pattern
of alteration is due to a heterogeneous
distribution of heated fluids, possibly due to
the intrusion of subsequent dikes or, in some
cases, the latent heat and fluids of the dike
event itself. This hypothesis explains the
alteration patterns found in the fourth
generation dike swarms. The heterogeneity of
these dike swarms suggests that the dikes did
not intrude simultaneously. Older dikes would
be subject to the altering heat and fluids
associated with younger dikes. In the western
swarm, less altered dikes tend to be more
felsic. If alteration corresponds to age, as has
been suggested, then younger dikes within this
swarm are progressively silica enriched. The
south-central region of alteration appears to
center around the sixth generation mafics.
These dikes are themselves heavily altered
and, being thick, may have had sufficient
latent heat and fluids to alter many
surrounding dikes. The eastern field area
displays near 100% alteration in all observed
dikes. However, the dikes of this region are
notably thick and may have likewise carried
substantial latent heat and fluids.

Figure 4. REE values of felsic samples
normalized to chondrite values (Boyton, 1984).

Samples from the felsic generations plot in
the same general region of the Zr/Hf v. Nb/Ta
diagram (Figure 3). The first and fifth
generations are easily distinguished on a
chondrite normalized plot of the rare earth
elements (Figure 4). Sample 17 was classified
as first generation in the field, but its
geochemical similarity to fifth generation
sample 10 and its dissimilarity to first
generation sample 30A has lead to the
reconsideration of its categorization.
Samples from the third and sixth generations
plot together on the Zr/Hf v. Nb/Ta diagram

(Figure 3). The third generation can be further
subdivided from trace element and REE data.
When normalized to MORB values, trace
element data for samples 32 and 7 resembles
values for the lower crust (Figure 5; Rollinson,
1993). Other third generation samples
resemble values for the upper crust. It is not
entirely clear whether these chemical
differences derive from fractional melt
crystallization or represent two distinct events.

CONCLUSIONS
The six generations of dikes observed in the
Hövsgöl-Ulaanbadrah granodiorites represent
at least six petrologically, structurally, and
geochemically unique events. The diverse
orientation of the various generations indicates
a tectonic history in which the direction of the
least principal horizontal compressive stress
rotated 335° during the series of dike
emplacement events.
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Figure 5. Trace elements of some 3rd
generation dikes normalized to mid-ocean ridge
basalt values.

Assuming that vertical dike orientation
indicates the direction of least principal
horizontal compressive stress at time of
emplacement (Price and Cosgrove, 1990), the
first generation indicates an axis of least
principal horizontal compressive stress of
approximately N20°W (Figure 2). The second
generation is too poorly studied to determine
stress orientation. Third generation dikes
appear to have been emplaced as conjugate
sets with general orientations of N40°E and
N30°W in a 70° angle, suggesting that the
least principal horizontal compressive stress
trended N85°W, orthogonal to the bisector
(Figure 2). The fourth generation suggests a
least principal horizontal compressive stress
trending approximately N25°E. The fifth
generation’s western region has an apparent
conjugate set of orientations oriented 70° to
each other with the normal to the bisector
trending N5°E (Figure 2). The axis of least
principal horizontal compressive stress in the
eastern region trends approximately N15°E
(Figure 2). The sixth generation has a fanning
pattern, probably due to domal uplift during
dike emplacement (Ernst and Buchan, 2001).
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