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Paleomagnetic Darting of Fluid Flow events  

Alteration by orogenic fluids, triggered by mountain building, has been a commonly 
invoked remagnetization mechanism for many late Paleozoic and other CRMs. We have 
focused on testing this orogenic fluid hypothesis. For example, in the central 
Appalachians we tested for a connection between remagnetization and alteration by 
orogenic fluids by examining units that were paleoaquifers as well as the units that were 
aquitards (Elmore et al., 2001; Elmore et al., 2006). Whereas there is no question that 
orogenic fluids can cause remagnetization, particularly in and around conduits for flow, 
the evidence for the connection between many pervasive CRMs and orogenic fluids is 
circumstantial and tenuous (see research on burial remagnetization mechanism).   

A synthesis of paleomagnetic/geochemical studies on Paleozoic rocks in the Arbuckle 
Mountains indicates that basinal fluids caused multiple remagnetization events (Cochran 
and Elmore, 1987; Elmore et al., 1993a; Elmore et al., 1994; Elmore et al., 1998; Elmore, 
2001). Basinal fluids migrated laterally through paleoaquifers (Fig. 1) and vertically 
through faults/fractures, causing localized remagnetization and alteration in, and around, 
the fluid conduits (Fig. 2). The fact that some CRMs reside in hematite whereas others 
reside in magnetite suggests that remagnetization can occur under a variety of chemical 
conditions. These fluids migrated during multiple flow events that spanned an 
approximately 60 Ma time interval in the Late Paleozoic (Fig. 3). Based on the timing of 
remagnetization and the composition of the altering fluids, some of the basinal fluids can 
be considered orogenic fluids.  
 

 
 
 
 

Figure 1. Stratigraphic section showing 
the Colbert Rhyolite (with intruded 
dikes), Reagan Sandstone, and Honey 
Creek Limestone in the Arbuckle 
Mountains, illustrating the distribution 
of the primary and secondary 
components found in the units. The 
occurrence of the secondary 
magnetizations within and below the 
paleoaquifer suggests that fluids that 
moved through the Reagan Sandstone 
caused the remagnetization events. 
Modified from Elmore et al. (1998). 
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Figure 2. Schematic diagram illustrating remagnetization and geochemical halos around 
a vein in the Ordovician Viola Formation, Arbuckle Mountains, Oklahoma. The 
coincidence of the two halos suggests that they are related and that the remagnetization 
dates the geochemical alteration.    

 
Figure 3. The apparent polar wander path (modified from Van der Voo, 1993) with the 
poles and 95% confidence ovals for fluid-related CRMs from paleomagnetic/geochemical 
studies in the Arbuckle Mountains. CRMs where remagnetization is interpreted to be 
related to basinal or orogenic-type fluids include the lower Reagan Sandstone (magnetite 
component [star] and hematite component [circle]) from Elmore et al. (1998), Kindblade 
Formation (diamond) from Cochran & Elmore (1987), around veins (square) in the Viola 
Formation (Elmore et al. 1993a), and the altered Royer Dolomite (triangle) by Elmore et 
al. (1994). CRMs related to meteoric fluids include around karst features in the Royer 
Dolomite (cross) and in the clasts in the Collings Ranch Conglomerate (hexagon) from 
Nick & Elmore (1990). Numbers and small circles refer to the reference poles from Van 
der Voo (1993).   
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Dating Fluid Flow Events in Scotland 

We are also dating fluid migration events in veins and along faults in Scotland (Fig. 4). 
We have dated fluid flow events associated with dolomite veins in the Dalradian Schist in 
the Southern Highlands (Parnell et al., 2000) and along the Highland Boundary Fault 
(e.g., Elmore et al., 2000c; Elmore et al., 2002), the Moine thrust zone (Blumstein et al., 
2005), and the Great Glen Fault (Elmore et al., 2006). See Case Sudy 3 below for more 
information on the Moine Fault study.     

 

 
 
 
These studies provide evidence that dormant faults or fault systems can be conduits for 
localized fluid flow events at different times. Since the CRMs are younger than the 
Caledonian orogeny, they are not necessarily related to major orogenic events (i.e. 
continent-continent collision; Oliver, 1992) but can be related to more localized igneous 
activity as well as tectonic events such as regional crustal extension.  
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Figure 4. 

• Multiple fluid events along 
Moine Thrust Zone 
(Blumstein et al., 2005) 

• Permian age fluid event 
along the Highland 
Boundary Fault (Elmore et 
al., 2002) 

• Triassic age fluid event in 
veins in Dalradian Schist 
(Parnell et al, 2000)  

• Tertiary event in Jurassic 
limestones on Skye (Woods 
et al., 2002) 

• Permian and Cretaceous 
events along the Great Glen 
Fault (Elmore et al. (2006)  
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Picture of the Moine Fault in Scotland. 
 
A paleomagnetic study (Blumstein et al., 2005) of different lithologies exposed along the 
Moine Thrust Zone from Skye to Durness (Fig. 1), Scotland has identified three CRMs, a 
potential fourth CRM, and one possible primary component that all reside in hematite (Fig. 
2). Local and regional fold tests suggest the CRMs are post-folding and post-thrusting.  A 
contact test in the Torridon Group sandstone indicates that a Permian CRM is localized in 
and near the fault zone. The Permian CRM, which is also found in the Durness Group, and 
associated alteration are direct evidence for post-orogenic activity, in which the thrusts 
vented excess heat during regional crustal extension.  On the Isle of Skye, sandstones 
(Sleat, Torridon, and Eriboll Groups) in and around the fault zone contain a Tertiary CRM 
interpreted to be related to hydrothermal fluids associated with Tertiary intrusions. A 
possible Mesozoic CRM is also present but it could represent the vector addition of the 
Permian and Tertiary CRMs. A Devonian CRM is interpreted to be related to hydrothermal 
fluids associated with Devonian volcanics or to fluids triggered by late stages of the 
Caledonian orogeny.  Geochemical and petrographical studies (Fig. 3) provide supporting 
evidence for multiple fluid flow events along the Moine Thrust Zone.  These results show 
that paleomagnetism can be used to date multiple fluid migration events and that dormant 
fault zones can act as conduits for flow. 
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CASE STUDY 3:   
Date and Origin of Multiple Fluid Flow 
 Events along the Moine Thrust Zone,  

Scotland 
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Figure 1. (a) Map of study area showing the major geologic units along the Moine Thrust 
Zone from Durness south to the Isle of Skye. Inset map shows the location of the study area 
in Scotland (b) Detail map showing sample locations on mainland across a faulted 
recumbent syncline in the Torridon Group from site K18 and sites BB1 through BB8.  (c) 
Detail map showing sample sites on the Isle of Skye and the mainland near the fault 
contact. Sampling sites are represented by different symbols on the maps, which 
correspond to the lithology from which they were collected.  Site symbols:  square = Sleat 
Group (SS), circle = Torridon Group (SS), triangle = Eriboll Group (SS), diamond = 
Durness Group (LS). (modified from Johnstone & Mykura 1989, p.33). (Modified  from 
Blumstein et al., 2005).   
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Figure 2. APWP (Van der Voo, 1993) with the poles and β95 for components from the 
Moine fault zone. Syncline and regional fold test result for Component 1 CRM (Permian) 
at 0% unfolding (squares), regional fold test of Component 2 CRM (Tertiary) from Skye 
at 0% unfolding (triangle), regional fold test of Component 3 CRM (Triassic?) at 0% 
unfolding (circle), mean for Component 4 (Primary?, Torridon) at 100% unfolding (star), 
and regional fold test result for Component 5 CRM (Devonian) at 0% unfolding 
(rhombus).  The dashed circle represents the A95 for the mean Torridon pole from Buchan 
et al. (2000). 

 
Figure 3. Photomicrographs from the Moine Thrust Zone. (a) Authigenic hematite 
surrounding grains in dolomite (SEM), (b) Kaolinite and illite cement intergrown with 
authigenic hematite in sandstone; (c) hematite cement around grains in Torridon 
sandstone; cross-polarized reflected light backscattered SEM mage. The paragenesis in 
the rocks is complex and suggests multiple fluid flow events precipitated hematite.   
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Origin of Magnetization in Red beds 
 
We recently completed a study of Mid Paleozoic Appalachain red beds where we 
developed a model for the Late Paleozoic remagnetization that is so common in these 
rocks. In the conventional model for red beds, the hematite is acquired relatively early as 
a result of the breakdown of unstable Fe-bearing detrital grains such as hornblende and 
biotite (e.g., Walker, 1967; Rodd and Stewart, 1992; Butler, 1992). Many studies report 
Permian CRMs in Early and Middle red bed units from the Appalachians that were 
deformed during the Alleghenian Orogeny (e.g., Miller and Kent, 1986; Kent and 
Opdyke, 1985; Miller and Kent, 1988; and others). The origin of these CRMs, however, 
remains elusive although it is popular to relate the CRMs to the migration of orogenic 
fluids (e.g., McCabe and Elmore, 1989). 
 
Cox et al. (2005) reported that red sandstones in the Hampshire Formation/Catskill Group 
from regional-scale folds in the Valley and Ridge (VR) and Appalachian Plateau (AP) 
provinces of West Virginia contain a Permian CRM that is pretilting from the AP and 
syntilting from the VR. The remanence acquisition likely occurred within the time span 
of structural development. Geochemical/fluid inclusion studies (Evans and Battles, 1999) 
indicate the rocks were exposed to mixed methane-saturated formational and meteoric 
fluids only with no evidence that external hot orogenic fluids altered the rocks. A 
working model for CRM acquisition involves 1) methane reduction of previously formed 
iron phases and mobilization of iron, and 2) a return to oxidizing conditions and 
precipitation of new authigenic hematite as a result of the introduction of meteoric fluids 
just prior to and during uplift.  

 

References at end of Origin of Syntilting Remagnetization section. 

 


