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Fig. 13. (continued)

Pennsylvanian age. Many samples carry a steep  McKelligon Canyon (Fig. 14) and the results
north-northwesterly magnetization component from specimens from the McKelligon, Cindy and
(Fig. 13) with variable maximum unblocking Ranger Peak Formations in the southern Frank-
(400-670°C). The characteristic magnetization lin Mountains (Fig. 15) do not contain a pervasive
components of the McKelligon Formation from  Pennsylvanian remagnetization; approximately a
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third of the samples retain their Early Ordovician
signature. Strata in the Franklin Mountains are
tilted to the west with dip angles of about 35° so,
after tilt correction, a north-northeasterly mag-
netization direction could be isolated in speci-
mens from all of the investigated upper El Paso
Group formations. These directions clustered
close to the Late Cretaceous reference direction.
However, whereas some samples exhibit this
magnetization direction after their magnetiza-
tion vectors are corrected for tilt, others show a
similar direction before tilt correction (Fig. 16).
No Silurian or Devonian characteristic remanent
magnetizations were observed, even though some
breccias were sampled that could be of this age.
Twenty samples of the McKelligon Canyon and
southern Franklin Mountains samples have a
mean direction, after normal polarity vectors had
been reversed (109°, 7°% k= 22.4; ags = 8.0°%;
VGP: 14°N, 150°E) which was comparable with
the Early Ordovician reference pole (14°N,
159°E) for the North American craton (Van der
Voo 1990). Nineteen samples carry a mean

IP norm

OI norm
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direction of magnetization interpreted as being
of Pennsylvanian age (145°, 14°;, x =22.6;
ags = 7.0°; VGP: 39°N, 120°E; reference pole:
40°N, 128°E). Seventeen samples carry a magne-
tization interpreted as being of Late Cretaceous
age (325°, 54°; k = 67.7; ags = 4.4°; VGP: 61°N,
178°E; reference pole: 67°N, 189°E). It was not
possible to conduct a fold test or a conglomerate
test (Fig. 17). There is no correlation between
depositional lithofacies and magnetization direc-
tions, except for the Late Cretaceous magnetiza-
tion, which seems to reside in the lithoclastic beds
facies. In contrast to the Honeycut Forma-
tion, the Early Ordovician magnetizations in the
El Paso Group are not restricted to fine-grained
lithologies (Figs 12, 14 and 15).

Magnetic mineralogy

Samples that carry an Early Ordovician magne-
tization show steep initial IRM acquisition curves
and typically acquire 65-85% of their saturation

N

270

Cryptalgal Laminite
Lithoclastic Beds
Intermound Grainstone
Mound Grain-/Packstone
Mound Wackestone

6 - 20% Dolomite

[Je umoen»

filled symbols:
open symbols:

fower hemisphere
upper hemisphere

\_

180

Fig. 14. Tilt-corrected magnetic components, McKelligon Formation (McKelligon canyon). Crosses show
expected magnetizations (palaeo-directions): x, lower hemisphere; +, upper hemisphere. These specimens carry
characteristic magnetizations of Early Ordovician, Pennsylvanian, and Late Cretaceous age. Devonian or Silurian
magnetization vectors were not observed, despite a major karst event occurring during this time. The
characteristic directions do not correspond to particular lithofacies or to mineralogy.
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Fig. 15. Tilt-corrected magnetic components, upper El Paso Group (southern Franklin Mountains). The
specimens show the same directions as for the McKelligon Formation (MeKelligon canyon). Again, there is no
connection between the directions and lithologies. Massive early-stage dolomite (>>90% dolomite in carbonate part
of the rock) of the Cindy and Ranger Peak formations does not correspond to particular magnetization directions.

remanence in a field of 0.2 T. Only a few samples
did not saturate until 1 T. Thermal demagnetiza-
tion of three-component IRM demonstrated that
the soft and medium remanences began to
unblock at 400°C, characteristic of magnetite.
The hard component typically showed a decay
below 100°C but then began to unblock only at
600°C, suggesting the presence of both goethite
and hematite. Samples carrying either the Penn-
sylvanian or Late Cretaceous magnetization did
not show consistent IRM acquisition behaviour;
some acquired ¢. 75% of their maximum IRM in
an ambient field of 0.2 T but also continued to
acquire remanence in higher fields and had not
saturated in 1 T. Unblocking spectra of three-
component IRM show unblocking of the soft
and medium IRM beginning at 400°C, suggestive
of magnetite, whereas the hard IRM decayed
around 100°C, suggestive of goethite. In some
cases, the hard IRM intensity increased at higher
temperatures because of the transformation of
goethite to hematite. At 600°C the hard IRM
began to unblock, indicating hematite. However,

the variable behaviour suggests that not all hema-
tite was generated by the transformation of goe-
thite, and that sometimes hematite was already
present in the unheated samples (Fig. 18).
Importantly, other samples that carry a Pennsyl-
vanian or Late Cretaceous magnetization showed
different behaviours during IRM acquisition,
indicating the presence of various ratios of soft
and hard magnetic minerals. Some samples
slowly acquired IRM in stepwise increasing
ambient fields and, thus, do not show evidence
for a significant content of a soft magnetic
mineral. Magnetic mineralogy does not corre-
spond to particular carbonate lithofacies.

Stable isotopic composition and
carbonate mineralogy

Carbon isotopes have a narrow range and their
values are typical for Lower Ordovician carbo-
nate rocks. The range of §'30 values of the lime-
stones is —6 to —8.5%o, with the upper El Paso
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Fig. 16. Pre-tilt-corrected magnetic components, upper El Paso Group (Franklin Mountains). Most specimens
contain a strong present field (PF) magnetization overprint but several components show a Late Cretaceous

magnetization component before tilt correction.

Group dolomites, on average, being 3%o heavier
than their associated limestones. Magnetization
age and stable isotopic signature do not correlate.
Within the McKelligon Formation profile in
McKelligon Canyon, only the lithoclastic beds
facies is partly replaced by early-stage dolomite
(Fig. 19). However, Cindy and Ranger Peak
samples contain massive early-stage dolomite,
with the dolomite content varying between 0 and
99.5%. There is no correlation between dolomite
content and magnetization intensity or direction.

Discussion

Magnetic intensity and direction of samples from
the Honeycut Formation (Llano Uplift) are
contingent upon two sedimentological factors:
grain size and mineralogy. Beds composed of
fine-grained fabrics and limestones carry a weak
Early Ordovician magnetization, whereas beds
of coarse-grained fabrics and dolomite carry a

strong Pennsylvanian magnetization, i.e. pri-
mary magnetizations are associated with com-
paratively low permeabilities whereas secondary
magnetizations are associated with compara-
tively high permeabilities. Therefore, the mag-
netic properties are likely to reflect palaeo-
hydrological conditions during regional or local
fluid migration events. Samples carrying an Early
Ordovician or a Pennsylvanian magnetization
have moderate maximum NRM unblocking tem-
peratures (450°C). During AF demagnetization,
samples carrying a Pennsylvanian magnetization
lose 90% of their NRM intensity after demag-
netization to 90 mT. Either behaviour suggests
that a soft to medium-hard magnetic mineral,
such as fine-grained magnetite, is the predomi-
nant carrier of the ancient magnetization com-
ponents observed in Honeycut samples. All
samples with a present field magnetization lose
this between 150 and 250°C, so, in most cases, the
modern magnetization seems to reside in coarse-
grained magnetite and, occasionally, goethite.
Some samples that carry a streak magnetization
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Fig. 17. Mean directions, after tilt correction, of components of remanence, upper El Paso Group, and Fisher
(1953) statistics. O, ags. Normal polarity vectors were reversed and included in the calculations. The results
indicate that these characteristic vectors reflect magnetization during early Ordovician (@), Pennsylvanian (A),

and late Cretaceous time (H).

(steep southeasterly, i.e. between reverse Penn-
sylvanian and present field) lose more than 90%
of their initial NRM intensity after AF demagne-
tization to only 5mT, indicating a very soft
magnetic mineral such as coarse-grained (MD)
magnetite, which will carry modern magnetiza-
tions and streak magnetizations of viscous origin,
whereas other modern magnetization compo-
nents reside in goethite, which is likely to be a
product of recent weathering. These observations
are supported by the behaviour during IRM
acquisition and thermal demagnetization of
three-component IRM. However, because most
of the NRM is removed before 450°C or 90 mT,
respectively, the high-coercivity magnetic miner-
als cannot be major contributors to the char-
acteristic magnetizations.

Magnetite authigenesis is the most likely mode
of Pennsylvanian remanence acquisition. A mere
recrystallization of pre-existing detrital magnetite

could not account for the up to 100-fold intensity
variation between Early Ordovician and Penn-
sylvanian magnetizations. A thermoviscous over-
print can also be ruled out because of shallow
burial in the area and low diagenetic tempera-
tures. This implies that fluids that penetrated the
Honeycut rocks during the Pennsylvanian flowed
preferentially in the dolo-grainstones, in which
they triggered magnetite authigenesis. Therefore,
magnetization intensity covaries with fluid/rock
ratios, and the magnetization trends observed in
this section actually document ancient fluid path-
ways. Aquitards were unaffected or less affected
by Pennsylvanian fluid flow and hence retain
most of their weak Early Ordovician magnetiza-
tion, which is probably a primary magnetization
residing in detrital magnetite.

These results are in accord with interpreta-
tions of the diagenetic history of Ellenburger
carbonates based on their geochemistry. During
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Fig. 18. Representative IRM acquisition and IRM
thermal demagnetization curves, McKelligon
Formation with Late Cretaceous magnetization.

(a) IRM acquisition. The curve shows an initial steep
remanence gain followed by a slow gradual increase.
The magnetic phase is dominated by a low-coercivity
mineral, but a high-coercivity mineral carries a
considerable portion of the IRM. (b) Corresponding
thermal unblocking spectrum of orthogonal
component IRM (0.1, 0.4, 1 T). The soft magnetic
carrier, coarse-grained magnetite, starts unblocking at
400°C, and is dominant, whereas fine-grained
magnetite is the second most important carrier.

It displays a slightly higher stability at temperatures
above 500°C. The very low unblocking temperatures of
a hard magnetic carrier imply goethite, and the gain in
remanence during rise in temperature may be
attributed to it partially converting to hematite.

regional tectonism, brines were expelled from
basinal clastic sediments and penetrated the rocks
in the subsurface, causing dissolution of meta-
stable dolomite and the reprecipitation of a more
stable phase (Kupecz 1989; Kupecz & Land
1991). The Pennsylvanian magnetization of the
late-stage dolomites confirms that the Ouachita
Orogeny caused these events. The range of §3C
values observed in this study corresponds to their
trend in the Cambro-Ordovician carbonate rocks

of Oklahoma (Gao 1990). Moreover, Cambro-
Ordovician carbonate rocks from several areas
show comparable carbon isotopic compositions
(Kupecz & Land 1991; Johnson & Goldstein
1993; Ripperdan et al. 1993; Montanez 1994).
Therefore, these values can be considered typical
for carbonate rocks of this age. However, the
observed oxygen isotopic composition of both
limestones and dolomites is considerably lighter
than the presumed pristine Early Ordovician
values. In general, depletion of heavy oxygen
isotopes in carbonate rocks reflects diagenetic
alteration involving water with a light oxygen
isotopic composition, elevated temperatures, or
both (Land 1983). Carbon isotopes, unlike
oxygen isotopes, are not a stoichiometric consti-
tuent of both the rock and the water and,
therefore, require extremely high water/rock
ratios to be reset during diagenesis (Banner &
Hanson 1990). For the same reason, the §"°C
range of carbonate rocks that undergo diagenesis
is generally narrower than their 6'®O range (Allan
& Matthews 1977). Thus, even entirely recrystal-
lized rocks in this section may have inherited their
carbon isotopic composition from precursor
phases. However, the oxygen isotopic composi-
tion of the Lower Ordovician carbonate rocks
from the Llano Uplift area reflects diagenetic
alteration as it is heavy, in comparison with that
for carbonate rocks of the same age from other
areas, because the Llano Uplift has never been
deeply buried. The temperature of the orogenic
brines that affected the Honeycut rocks was up to
110°C. It was these elevated temperatures, rather
than '80-depleted fluids, that caused the present
oxygen isotopic signature in the late-stage dolo-
mites in the Llano Uplift area (Kupecz & Land
1991). Limestones investigated in this study have
5'%0 values from —4 to —5%0 PDB. It could be
expected that those limestones which preserved
an Early Ordovician magnetization also pre-
served their chemical properties acquired early
in diagenesis, and, conversely, those limestones
that were remagnetized during diagenesis in the
Pennsylvanian should display stronger diagenetic
alteration of their oxygen isotopic composition;
however, this is not the case. This apparent con-
tradiction possibly results from comparatively
strong Pennsylvanian magnetization components
residing in insignificant volumes of the rocks.
Although these zones overwhelm the whole-rock
magnetic data, they do not noticeably influence
the whole-rock geochemical data. The oxygen
isotopic composition of Honeycut Formation
dolomites observed in this study is heavier than
that of late-stage dolomites from other outcrops
in the vicinity which show a 6’80 range between
—7 and —9%o (Kupecz & Land 1991). Possibly,
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Fig. 19. Stable isotope cross-plot for the upper El Paso Group (Franklin Mountains). The range of 6'%0 values is
wider than that of the 6§'*C values. The magnetization age and stable isotopic signature do not correlate.

local hydrological conditions can be invoked for
causing relatively low temperatures of brines that
interacted with these rock bodies. Small dolomite
crystals along stylolites inside the cryptalgal
laminites suggest that stylolites provided small-
scale fluid conduits for dolomitizing fluids within
what were otherwise almost impermeable strata.
Stylolitization can generally enhance porosity
and permeability of carbonate rocks, because
sutured stylolites provide fluid pathways. Post-
stylolitization dissolution can then result in the
generation of fabric-selective secondary porosity
(Von Bergen & Carozzi 1990). Dolomitization
processes that coincide with the path of stylolites
have been documented in other Palaeozoic car-
bonate units and are interpreted to have
occurred during periods of decreasing pressure
in the rock bodies (Major et al. 1990; Major &
Holtz 1993). The Pennsylvanian magnetization
components observed within the thick succession
of cryptalgal laminites in the middle of the
Honeycut section may record dolomite precipi-
tation along stylolites during Pennsylvanian
time. The volume of precipitated dolomite is
small; the laminites typically contain less than
3% dolomite. However, in the lowest part of the
section, two thin successions of cryptalgal lami-
nites are entirely replaced by late-stage dolomite.
Possibly, the magnesium source for these repla-
cement processes was dissolution of early dolo-
mite within the overlying dolo-grainstone strata.
This hypothesis is supported by the negative
covariance between dolomite content and NRM
intensity of the dolomitic samples, which suggests
that the dolomite content of these rocks was
reduced during water—rock interaction. It is very
unlikely that cryptalgal laminites were exposed to
higher water/rock ratios than were dolo-grain-
stones. Therefore, the water-rock interaction
path (Fig. 11) was in the direction of higher

magnetization intensity and lower dolomite con-
centration. If some of the magnesium was mobil-
ized during dolomite recrystallization within the
dolo-grainstones, dolomitization along stylolites
could occur, and some cryptalgal laminites in the
middle part of the section acquired a Pennsylva-
nian magnetization; the two cryptalgal laminite
successions that are sandwiched between grain-
stone aquifers were completely replaced by dolo-
mite and were pervasively remagnetized during
Pennsylvanian time.

The magnetic signature of upper El Paso
Group samples is entirely different in that it
does not record any pervasive remagnetization
events. Importantly, lithologies that typically are
relatively porous, such as grainstones in the
McKelligon Formation or massive early dolomite
in the Cindy and Ranger Peak Formations, donot
preferentially carry Pennsylvanian magnetiza-
tions. Fluid-rock interaction during Pennsylva-
nian time did not affect these rocks to the degree
observed in Honeycut Formation rocks from
central Texas. Obviously, the Franklin Moun-
tains area was less affected by fluid pulses asso-
ciated with the Ouachita Orogeny because of the
larger distance to the Ouachita front. However,
the Franklin Mountains are in close proximity to
the Laramide thrust front and the Rio Grande
Rift. The fact that Late Cretaceous magnetization
components could be isolated both before and
after tilt correction was applied suggests that this
magnetization was acquired during block uplift
and tilting and, thus, documents the absolute
timing of this tectonic event. During uplift, no
rotation of the Franklin Mountains horst block
around a vertical axis took place, because mag-
netization directions older than those of Cretac-
eous time still cluster around Early Ordovician or
Pennsylvanian reference directions, respectively
(Fig. 17). Therefore, Late Cretaceous tectonic
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activity, probably associated with Rio Grande
rifting, caused a non-pervasive remagnetization
in Franklin Mountains rocks. Unlike the tecton-
ism-related remagnetizations observed in rocks
from the Honeycut Formation, this remagnetiza-
tion is not associated with strong magnetization
intensities, particular magnetic mineralogies, or
zones of high permeability. Thus, it does not
indicate extensive influence by reactive fluids.
Possibly, in this case, under an extensional regime
during Cretaceous time, no fluids were expelled
from subsurface strata.

Although the El Paso Group rocks were
affected by a major karst event during Silurian
or the Devonian time (Lucia 1969), this event is
not recorded in the magnetic properties of the
samples. Possibly, as a result of rapid develop-
ment of major zones of collapse breccias, fluid
flow was focused and hence even rock bodies
adjacent to or within brecciated zones were not
affected by meteoric diagenesis to a degree that
would have caused remagnetization. Maximum
unblocking temperatures during demagnetiza-
tion of NRM suggest that the Early Ordovician
magnetizations of the upper El Paso Group
carbonate rocks predominantly reside in magne-
tite. Pennsylvanian and Late Cretaceous mag-
netizations show different maximum unblocking
temperatures, implying that some of these
magnetizations reside in magnetite, but other
samples contain Pennsylvanian and Late Cretac-
eous magnetizations carried by hematite.
Modern weathering-related overprints typically
reside in goethite, as also indicated by rock
magnetic experiments. The magnetic mineralogy
of samples carrying an Early Ordovician mag-
netization is dominated by magnetite, whereas
samples that carry a Pennsylvanian or Late
Cretaceous magnetization are characterized by
various magnetic minerals. The remanence acqui-
sition mechanisms of the Pennsylvanian and Late
Cretaceous magnetizations could not be resolved.
Unlike the results obtained from Honeycut rocks
from the Llano Uplift area, these results do not
elucidate under which conditions NRMs were
overprinted or preserved. However, considering
the estimated maximum burial temperatures of
the upper El Paso Group (Gao et al. 1992), a
thermoviscous remagnetization is implausible.
The 680 values of the limestones are c.2%o
lighter than those of the Honeycut Formation
and reflect deeper burial of the El Paso Group.
The observed difference between the oxygen iso-
topic composition of limestones and dolomites
from the El Paso Group is within a typical 6'*0
range. Although a unique §'®0 may not exist at
all (Land 1980) and values as low as 1.5%o
(Major et al. 1992) or as high as 5%. (Land 1991)

H. HAUBOLD

are possible, this finding suggests that both
limestones and dolomites stabilized in the same
180-depleted (or hot) early-diagenetic fluid.
Rocks that preserved an Early Ordovician
magnetization should conceivably also have
preserved a comparatively heavy oxygen isotope
signature. This is not the case, as observed in the
Honeycut rocks from the Llano Uplift area.
Therefore, remagnetizing diagenetic processes
may not be recorded in the 680 values, or these
values werereset after remagnetization took place,
so erasing any previous correlation between
6'80 and magnetization direction. Both chemi-
cal stabilization and remagnetization are litho-
logically selective processes. Possibly, diagenetic
events that affected the upper El Paso Group
rocks were more selective to chemical alteration
than to magnetic alteration. Consequently, the
magnetic and chemical properties of a rock do
not necessarily reside in the same lithological
constituents. Little is known about the spatial
distribution of magnetic grains within sedimen-
tary rocks, but as the magnetic and lithological
properties can hardly be correlated, the mode of
remanence acquisition cannot be ascertained.
These results illustrate a major limitation of
sedimentary palacomagnetic research, which
probably results from an insufficient volumetric
resolution. Consequently, in the absence of a
major diagenetic event that involved a reactive
fluid, magnetic properties seem to be randomly
distributed through very diverse lithofacies.
The investigated Cambro-Ordovician platform
carbonate rocks from Texas display evidence for
regional remagnetization events similar to
Kiaman overprints documented in many North
American sedimentary rocks. Interestingly,
although the polarity of Pennsylvanian magneti-
zations observed in this study is predominantly
reversed, numerous samples, particularly from
the Franklin Mountains, carry a normal polarity
Pennsylvanian magnetization. The duration of
the orogenic fluid pulses responsible for remag-
netization events is not well constrained. More-
over, secondary magnetizations may be the result
of multiple episodes of fluid-rock interaction.
Nevertheless, this finding suggests significant
normal polarity intervals within the Kiaman
Reversed Superchron or Pennsylvanian rema-
nence acquisition before or after the Superchron.

Conclusions

Late-stage recrystallization of dolo-grainstones
in the Honeycut Formation is recorded by a
strong, pervasive Pennsylvanian remagnetiza-
tion. Reducing orogenic fluids expelled from
basinal sediments during the Quachita Orogeny
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triggered magnetite authigenesis that resulted in
distinctive intensity trends covarying with fluid/
rock ratios. Associated fine-grained cryptalgal
laminites, owing to their low permeability, parti-
ally escaped from diagenetic alteration and retain
a weak magnetization probably of syndeposi-
tional origin. However, rocks in the Franklin
Mountains were not affected by orogenic fluids to
the same degree because they are further from the
Ouachita front. Even comparatively permeable
strata, such as coarse-grained limestones or mas-
sive early dolomites, partially retain an early
Ordovician signature. This result reflects the
spatial limits of long-distance fluid migration
during the Ouachita Orogeny. Detailed vertical
correlation of NRM intensities and sediment-
ological variables can, thus, aid in determining
pathways of reactive fluids and reconstruct
palaeohydrological conditions. Measuring mag-
netic intensity is a fast and simple procedure, as
opposed to the laborious determination of mag-
netization directions. Furthermore, as intensity
measurements do not require the samples to be
oriented, this method could be applied to core
material. Large-scale subsurface mapping of
magnetization intensity could semi-quantita-
tively elucidate the spatial distribution of regional
orogenic fluid migration events. Provided that
also magnetization directions and, thus, ages are
available, this approach yields information on the
spatial and temporal evolution of a rock body’s
ability to store and transmit fluids. However, this
approach appears to be limited in that it is applic-
able only if a major diagenetic event affected the
investigated sedimentary rocks that involved
intensive interaction of the rock bodies with a
reactive fluid. Future contributions of palaeo-
magnetic work to sedimentary research could be
significantly improved if magnetic investigations
have a volumetric resolution comparable with
that of geochemical or petrographical work. The
details of primary and secondary remanence
acquisition are still poorly understood. Only
integrated rock magnetic, petrographical, and
geochemical work on a very fine scale could
reliably clarify this problem. The sections inves-
tigated in this study allowed isolation of some
magnetization vectors that probably are of
primary origin. However, reliable criteria for
identification of pristine magnetizations still have
to be established. Because the Early Ordovician
palaeopole for the North American craton is
poorly constrained, these data may provide some
improvement of the palacomagnetic database for
this craton.
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