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Abstract:  The geologic history of the Archean rocks of the Minnesota River Valley is 
poorly understood and has been difficult to piece together because of the challenge of 
interpreting data gathered by applying conventional dating techniques to rocks with the 
sort of complex history that rocks in this region have experienced.  Application of 
updated and new dating techniques on such rocks allows us to more clearly understand 
what happened to these rocks and perhaps by analogy to understand something more 
fundamental about the history of the early Earth.  The Minnesota River Valley is home to 
a variety of very old rocks including a ~3.5 Ga tonalitic to granodioritic gneiss containing 
mafic enclaves referred to as the Morton gneiss and a ~3.5 Ga banded granitic gneiss 
called the Montevideo gneiss both intruded by granites including the local ~2.6 Ga 
Sacred Heart granite and younger, Paleoproterozoic granites associated with the 
Penokean Orogeny intruded into the Archean bedrock in the St. Cloud area.  New (U-
Th)/He zircon and apatite data for the Minnesota River Valley region presented in this 
paper shows a wide scatter of ages ranging between ~9 and 925 Ma for zircon and 
between ~127 and 1,725 Ma for apatite.  A distinct trend between zircon uranium content 
and age, and a noticeable correlation between zircon crystal size and age, indicate 
complex effects from radiation damage over time and long, slow cooling history in which 
these rocks spent a long time at or near the closure temperature of the (U-Th)/He system.  
The complexities introduced by applying this dating technique to old, radiation damaged 
rocks are just beginning to be understood and this study is a useful step in trying to piece 
it all together.       
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INTRODUCTION  

 

 As remnants of the Earth’s earliest history, very old rocks have long held the 

interest of geologists.  However, this curiosity has not always led to an ability to 

distinguish a clear story about these rocks or what they reveal about the early Earth.  

Rocks in the Minnesota River Valley are a good example of these ancient terranes that 

captivate geologic interest.  Despite a variety of efforts to date these rocks, their cooling 

history and its geologic implications have been difficult to piece together and some 

aspects remain elusive.  A variety of new tools, only recently available or understood 

well enough to be used on such rocks, have converged on this inherent interest in very 

old rocks, resulting in a new effort to uncover details about the history of these rocks that 

have escaped us and to better understand how to these new techniques can be effectively 

applied to the unique case of very old rocks.   

 This study focuses on the Archean gneiss terranes of the Minnesota River Valley 

(MRV) subprovince using recently refined (U-Th)/He dating methods for apatite and 

zircon to shed light on the low temperature cooling history of the gneisses.  (U-Th)/He 

dating of apatite and zircon has been used as a low temperature thermochronometer to 

determine the cooling history of rocks in a variety of geologic settings and with a range 
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of absolute ages (Crowley et al., 2002; House et al., 1998; Mitchell and Reiners, 2003; 

Reiners et al., 2003b).  The Archean gneisses and Paleoproterozoic granites in 

southwestern Minnesota provide an interesting opportunity to use this method because of 

their old age and relatively poorly understood history. 

 

(U-Th)/He Dating  

 (U-Th)/He dating of apatite and zircon is based upon the decay sequence of 

uranium and thorium to lead which produces a predictable amount of alpha-particles (He) 

over time.  The closure temperature of this system for apatite is approximately 78° C in 

rocks with 10° C/my cooling histories (Farley, 2000) and approximately 175-193° C for 

zircon cooled at rates of 10° C/my (Dodson, 1973).  The low closure temperatures of 

these systems make (U/Th)/He dating a very sensitive tool.  Coupling our knowledge of 

the behavior of isotherms that define the geothermal gradient during uplift and erosion 

with evidence from (U-Th)/He dating, the method can offer insight about the age and 

development of certain topographical features (Reiners, 2002a).  For example, it can be 

applied to investigate the timing and rate of uplift during orogenic events (Reiners et al., 

2002) and to address problems related to erosion and faulting (Reiners et al., 2003a).  The 

low-temperature sensitivity of the (U-Th)/He system can also give us clues about nature 

of sedimentary cover or the extensiveness of thermal effects caused by nearby plutonism 

or mountain building (Reiners, in preparation). 

Although application of the (U-Th)/He dating technique to younger rocks is 

clearly understood, application to older rocks is less well understood because data must 

be considered in terms of their implications not only on the geologic history, but also on 
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some of the processes that affect radioactive decay systems and are, therefore, important 

in the interpretation of age measurements (Reiners, in preparation).  Though some 

systematic behaviors in older rocks have been identified, additional studies of this type 

can help elucidate the problem. 

 The very old rocks of the Minnesota River Valley represent an interesting area 

for applying the (U-Th)/He dating technique because these rocks have been at or near the 

surface of the Earth since the Penokean orogeny (1.8 Ga) or perhaps even earlier (Bauer, 

1980; Goldich et al., 1980a; Goldich and Wooden, 1980).  Dating rocks that have been 

cooling or cooled for hundreds of millions of years using (U-Th)/He methods may allow 

us to test the upper age limits of this kind of dating.  Testing the effectiveness of applying 

this relatively new method in a broad range of areas and using it on unique rock types 

with complicated histories provides insight into the logistics and technicalities of (U-

Th)/He dating on very old rocks as well as giving us information about the low 

temperature cooling histories of the rocks.  Dating old rocks particularly allows us to 

observe patterns in the behavior of the (U-Th)/He ages. Although the technique may not 

give a certain date at which the rocks cooled through the apatite or zircon He system 

closure temperature, patterns in the scatter of ages produced allow us to distinguish 

consistent relationships between grain size, cooling rate, radiation damage and age.  

Clarifying these relationships allows (U-Th)/He dates to be appropriately interpreted so 

that when specific patterns in the behavior of ages are observed, certain conclusions can 

be drawn about the cooling history of the rocks and the significance of the (U-Th)/He 

ages.   
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TECTONIC AND GEOLOGIC SETTING 

 

Tectonic Setting   

The Minnesota River Valley (MRV) forms the southernmost component of the 

Superior Province of the Canadian Shield (Figure 1) and is thought to represent the 

remnant of a large, predominantly felsic protocontinent that stretched from Lake Superior 

to Lake Huron (Sims, 1993; Southwick, 1993).  Its distinct structural style, predominant 

rock type,  metamorphic grade and age, as revealed through geochronology, differentiate 

the MRV from the rest of the superior province (Sims, 1993; Southwick, 1993).  The 

MRV region, characterized by a generally positive gravity anomaly (Chandler, 1993), is 

composed primarily of high grade quartzofeldspathic gneiss and granitoid intrusive rocks 

and is sharply juxtaposed to the adjacent, arc-like metavolcanic and metasedimentary 

rock types of the superior subprovince  along an Archean crustal boundary (Southwick 

and Chandler, 1996).  This boundary was originally observed by Morey and Sims (Morey 

and Sims, 1976) as a break between high and low grade Archean terranes and referred to 

as the Morris Fault.  In later, more detailed studies, Sims (Sims, 1980) named the zone, 

separating the MRV subprovince from the Wawa subprovince to the north, the Great 

Lakes Tectonics Zone (GLTZ), marking the local boundary between the Superior 

province and the gneiss terrain of the MRV region.  This zone probably marks the suture 

formed by continent-continent collision as the MRV subprovince, considered to be a late 

accretionary addition to the superior province, was amalgamated in the late Archean 

(Southwick, 1993; Southwick and Chandler, 1996).  This narrow Archean suture has 

been extrapolated to the north and south and 



     MRV 
Subprovince

Middle Proterozoic Rocks Archean
Volcanic, sedimentary &
granitoid rocks of the Superior
province
Gneiss of Superior Province
(2.6-3.6 Ga)

Early Proterozoic

Anorogenic granite & 
anorthosite (1.48 Ga)
Midcontinent rift 
system (1.1 Ga)

Edge of Phaneozoic rocks
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groups
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Thrust faultQuartzite

Metamorphic & granitoid
rocks of Central Plains Orogen
(1.6-1.8 Ga)
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Wisconsin magmatic terranes 
of Penokean Orogen
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Figure 1.  Simplified tectonic map of precambrian basement rocks in and around the Superior Province
showing the relative location of the MRV subprovince.  Adapted from Sims, 1993.
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appears to have accommodated Penokean deformation as well (Sims, 1993).  More recent 

studies, however, indicate that the suture was fully formed during the Archean and that 

Paleoproterozoic activity simply reactivated the zone (Sims, 1993).   

Bounded to the northwest by the GLTZ, the high grade gneiss terrane of the MRV 

subprovince extends beneath various layers of Paleozoic sedimentary cover into upper 

Michigan, northwest Wisconsin and east central Minnesota (Southwick, 1993).  In central 

Minnesota it is intruded by the Paleoproterozoic granitoid rocks of the Stearns county 

region (Boerboom and Holm, 2000).  The southern extent of the characteristic MRV 

terrane remains uncertain (Sims, 1993).  However, according to geologic observations, 

gravity profiling and magnetic data the bedrock underlying extreme southwestern MN is 

thought to be composed of Early Proterozoic supra-crustal and intrusive rocks (Schapp, 

1989).  

Based on test drilling (Southwick, 1993; Southwick et al., 1990), geophysical 

investigations (Chandler, 1989) and high resolution aeromagnetic data (Schapp, 1989), 

the MRV subprovince is divided into four blocks (Figure 2) along east to northeast 

striking magnetic lineaments that most likely represent shear zones (Southwick and 

Chandler, 1996).  The distinct ages, rock types and metamorphic grade of the blocks are 

thought to indicate accretion at different times during the Archean (Sims, 1993). 

Most of the rocks in the area are dated older than 3,000 Ma (Bickford et al., in 

preparation; Boerboom and Holm, 2000; Goldich et al., 1970; Sims, 1993; Southwick and 

Chandler, 1996) and have undergone a complex crustal history involving events as old as 

3,500 to 3,600 Ma and a prolonged period of deformation and metamorphism including 

the emplacement of the 2,600 Ma late- to post-tectonic Sacred Heart Granite and younger 



Minnesota River Valley Subprovince
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Figure 2.  Simplified tectonic map of the Minnesota River Valley subprovince, modified from Boyd &
Smithson (1994).  The MRV subprovince is subdivided in to four major tectonic blocks (Southwick et
al., 1996):  Benson, Montevideo, Morton and Jeffers.
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Penokean age events (Bickford et al., in preparation; Sims, 1993; Southwick and 

Chandler, 1996). Detailed geothermobarometic studies by Moecher et al. (1986) 

constrain the temperature and pressure of metamorphism in the region between 650 and 

750° C and 4.5-7.5 Kbar.  They explain this range in terms non real effects caused by 

varying degrees of re-equilibration during cooling and real variations resulting from 

different degrees of metamorphism across the region.  These data were used to calculate a 

Late Archean geotherm of 32°C/km in the valley. 

According to Chandler (1993) aeromagnetic data suggest that the Archean and 

Paleoproterozoic bedrock of Southern Minnesota is cut by two dike swarms.  A west-

north-west striking swarm in west central Minnesota crosscuts the Archean rocks of the 

MRV in two exposed locations.  Though they have not been dated it is thought that they 

coincide with nearby gabbroic and granitic rocks that have been dated at 1,750 Ma by 

Goldich et al. (1961) and Hanson (1968).  An east northeast striking dike swarm, cutting 

across the rocks of the Penokean orogen, affects the St. Cloud area granites.  The ages of 

these dikes are tentatively bracketed by Southwick and Chandler (1989) between 1,770 

and 1,100 Ma suggesting a possible correlation with the 1,100 Ma mid continent rifting 

event. 

   

Geologic Setting 

The Minnesota River Valley region of southwestern Minnesota offers the largest 

and most coherent exposures of the Archean gneiss terranes of the Minnesota River 

Valley Subprovince (Sims, 1993).  The Minnesota River Valley occupies an area 

stretching 200 km in a NW to SE direction from Big Stone Lake at Ortonville, MN to its 
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junction with the Mississippi River at Mankato, MN.  The river occupies a former glacial 

drainage route that may have taken advantage of late Paleozoic/early Mesozoic structures 

as glacial lake Agassiz drained to the south during the Pleistocene (Lund, 1956).  

Although the valley measures from approximately 1 up to 6 kilometers across in some 

regions and its depth varies from 30 to 100 meters, the Minnesota River carves a narrow 

route through the broad valley, occupying less than 1/10th of the original valley exploited 

by the glacial River Warren (Lund, 1956), (http://mrbdc.mnsu.edu/mnbasin). 

 The Archean gneiss terrane outcrops in the narrow erosional region along the 

valley walls and in the river’s alluvial plain (Lund, 1956; Southwick and Chandler, 

1996). A thin layer of Cretaceous sedimentary rocks overlie the Archean bedrock where 

these younger rocks have not been removed by weathering or disrupted during glaciation 

(Bauer and Himmelberg, 1993; Grant, 1972).  Glacial deposits overlying Cretaceous 

sands and clays reach depths of more than 30 m in some parts of the valley (Lund, 1956). 

The gneisses of the MRV region are primarily quartzo-feldspathic in composition 

and vary in metamorphic grade from upper amphibolite to granulite facies (Moecher et 

al., 1986; Perkins and Chippera, 1985; Southwick, 1993).  Included in this mix are 

migmatitic felsic gneisses, schistose to gneissic amphibolite, and in lesser amounts, 

metagabbro and metasedimentary gneiss (Sims, 1993).    This study focuses on the well 

exposed, more gneissic central two blocks, the Morton and Montevideo, which are 

separated along the Yellow Medicine Shear Zone, a crustal scale shear zone containing 

mylonitic gneiss and exhibiting signs of semibrittle deformation (Southwick and 

Chandler, 1996).   
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The Morton block is characterized by a tonalitic to granodioritic migmatite, the 

origin of which is thought to be an igneous protolith that underwent several periods of  

intrusion by granitic gneisses (Sims, 1993).  Several distinct components have been 

identified in the Morton gneiss including mafic inclusions, gray tonalitic gneiss, and pink 

granitic gneiss categorized as quartz monzonite or leucogranite (Goldich et al., 1980b).  

The Montevideo block is typified by felsic gneiss that occurs as banded granodiorite 

gneiss, coarse grained granite gneiss or medium grained granite gneiss (Sims, 1993).  

Mafic gneisses in this block include a hornblende, pyroxene and plagioclase gneiss, a 

biotite, pyroxene and plagioclase gneiss, amphibolite, and mettagabbro.  The felsic 

gneisses are classified as tonalite, granodiorite, granite or pegmatite (Goldich et al., 

1980b).   

A number of noteworthy differences in rock types distinguish the two blocks from 

one another (Goldich et al., 1980a).  The layered mafic gneisses characteristic of the 

Montevideo block are absent in the Morton area while amphibolite is comparatively more 

abundant in the Morton gneiss.  Amphibolites in both regions, however, display trace 

element geochemical characteristics that indicate a similar origin.  Tonalite gneiss is 

present in greater quantity and variety in the Morton area while the Montevideo block 

contains more granodioritic gneiss.  The Morton block is cut by an abundance of young 

granite and aplite dikes that are missing in the Montevideo block.   

The granitoid rocks of the Minnesota River Valley area include an undeformed 

granite commonly referred to as the section 28 granite and another intrusive granite 

known as the Sacred Heart.  The Sacred Heart granite is medium-grained and pinkish in 

color and displays a weak foliation (Lund, 1956).  It appears to be a late tectonic batholith 
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and, dated at 2,604±5 Ma (Bickford et al., in preparation), is substantially older than the 

1,840±0.05 Ma section 28 granite (Doe and Delevaux, 1980).  

In the northeast, portions of the high grade Archean gneisses of the MRV 

subprovince are intruded by various Paleoproterozoic granitoid rocks.  These rocks form 

a nearly continuous mass of mafic to felsic, late to post-orogenic intrusions associated 

with the period of metamorphism and deformation that the area experienced during the 

Paleoproterozoic Penokean Orogeny (Boerboom and Holm, 2000; Holm, 1998).  The 

rocks were intruded at slightly different times during this period of tectonism and include, 

in order of age, the Reformatory granodiorite, the Rockville granite, the Richmond 

granite, gabbroic and anorthositic rocks possibly related to the Richmond granite, the St. 

Cloud granite, an unnamed porphyritic granite, dikes of porphyritic microgranite and 

diabase dikes (Boerboom and Holm, 2000).  Exposures of these rocks are most abundant 

in the Stearns County region.  Because of the similarity in age and history, just two of the 

rock types of the St. Cloud region, the St. Cloud granite and the Reformatory 

granodiorite, were chosen to broadly represent this area in our study.   

The St. Cloud granite is a coarse-grained, red-grey hornblende granite primarily 

composed of microcline, plagioclase, quartz, hornblende, and biotite with minor amounts 

of Fe-Ti oxides, apatite, zircon, titanite and epidote.  A weak porphyritic texture and a 

vague fabric are present as well as an abundance of angular xenoliths derived from the 

older Reformatory granodiorite (Boerboom and Holm, 2000).  The Reformatory 

granodiorite is medium grained, dark grey to pink grey in color and is composed of small 

grey tabular crystals of plagioclase surrounded by finer crystals of plagioclase, 

mircrocline, hornblende and biotite with minor amounts of pyroxene, titanite, and apatite.  
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Mafic enclaves present in the rock are thought to represent the incorporation of mafic 

magma within the original granitic melt as a result of magma mingling (Boerboom and 

Holm, 2000). 

 

PREVIOUS GEOCHRONOLOGICAL WORK 

A number of geochronological studies conducted in the Minnesota River Valley 

area provide background necessary to put the new (U-Th)/He dates in context.  Using Pb-

Pb, U-Pb, Rb-Sr K-Ar and Ar-Ar dating workers have been able to isolate some aspects 

of the thermal and metamorphic history that these rocks experienced.  These dating 

techniques, focusing on crystallization age and high temperature cooling history, offer an 

important first step in reconstructing the thermal history of the MRV region.  For a 

summary of published and unpublished ages and events in the region see Table 1.   

  Early studies used biotite, hornblende and whole rock K-Ar dating on the 

gneisses and mafic dikes of the MRV to identify some of the major periods in the 

complex history of the area.  The first dating in the region (Goldich et al., 1956) yielded 

K-Ar biotite ages between 2,450 and 2,600 Ma in the Morton area, and younger ages 

between 1,700 and 1,850 Ma in the Montevideo Block.  K-Ar ages for hornblende 

presented Thomas (1963) range from approximately 2,600 for the Morton block to 

approximately 2,750 Ma for samples of the Montevideo gneiss and the Sacred Heart 

granite.  K-Ar dates for both hornblende and biotite from mafic dikes in the granite falls 

region (Hanson, 1968; Hanson and Himmelberg, 1967), yield hornblende ages between 

1,690 and 1,730 Ma with an older group of ages between 1,930 and 2,080 Ma and biotite 

ages between 1,770 and 1,800 Ma.  More recent work (Holm, 1998) applies the updated 
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Table 1.  Identified Geologic Events in the Minnesota River Valley Region 
 
Date   
 

Event Source

3700 Ma Felsic portion of Morton gneiss crystallizes Goldich et al. (1974) 
3500 Ma d rep.), 

ich & 
Primary crystallization of Morton an
Montevideo gneisses 

Bickford et al. (in p
supported by Gold
Hedge (1970) 

3385 Ma Granodiorite intrusion fo the Montevideo
gneiss 

 p.) Bickford et al. (in pre

3140 Ma Mafic intrusion in Granite Falls and 
Montvideo area 

Bickford et al. (in prep.) 

3080-
3050 Ma 

Granulite to amphibolite facies 
metamorphism.  Metamorphic (?) zircon 
growth in Montevideo gneiss 

Bickford et al. (in prep
et al. (1993), Goldich et al. 

.), Sims 

(1980) 
2640-
2619 Ma 

High grade metamorhic/thermal event 

generating zircon growth elsewhere.  Post 
kinematic emplacement of the Sacred Heart 
Granite 

ep.), 

Goldich & Hedge (1970) 
affecting garnet biotite gneiss and 

Bickford et al. (in pr
Moecher et al. (1986), 

2050-
1670 Ma 

Folding and deformation along ductile shear 
zones in the Montevideo gneiss 

Bickford et al. (in prep.), 
Bauer (1980) 

1812 Ma Emplacement of the Reformatory granite Boerboom & Holm (2000) 
1800 Ma Low grade thermal event resets K-Ar, Ar-

Ar dates in Montevideo block 
Holm & Lux (1998), Hanson 
& Himmelberg (1967), 
Goldich (1961)  

1770-
1100 Ma 

West-northwest striking mafic dike swarm 
crosscuts MRV rocks 

Goldich et al (1961), Hanson 
(1968) 

1710 Ma Emplacement of the Reformatory granite Boerboom & Holm (2000) 
1570-
1150 Ma 

Diabase dikes crosscut St. Cloud and 
reformatory granites 

Hanson(1968), Boerboom & 
Holm (2000) 
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Ar-Ar method to a single sample of the Montevideo gneiss from its type locality in the 

MRV.  This analysis yields a date of 1,784±17 Ma which Holm and others consider to be 

roughly concordant with the early efforts to date these rocks by similar methods. 

Attempts to identify the absolute age of MRV rocks began with Rb-Sr dating of 

minerals and whole rock samples by Goldich and Hedge (1961, 1962).  In their initial 

studies, Goldich and Hedge obtain Rb-Sr biotite ages ranging from 2,480 to 2,580 Ma in 

the Morton area and ages between 1,725 and 1,895 Ma for Montevideo block samples. K-

feldspar dates in the 2,100 to 2,600 Ma range are found for samples from both the Morton 

and Montevideo blocks and for the Sacred Heart granite.  Whole rock analyses from 

Goldich and others (Goldich et al., 1970) give an isochron of 2,550 Ma for the Morton 

gneiss, approximately 2,700 Ma for the Sacred Heart granite and a 3,550 Ma isochron for 

the Morton gneiss with a lower intercept of  2,650 Ma.  Though Goldich (1970) use 

compiled data from all previous age studies in the region, evidence for redistribution of 

Rb and Sr and irreconcilable inconsistencies in some of the ages limit the extent to which 

they are able to reconstruct a history of the region.   

Goldich and Hedge (Goldich and Hedge, 1974) and Goldich and others (Goldich 

et al., 1980a) use Rb-Sr dating and lead isotope analysis to build off of previous studies in 

an effort to identify crystallization ages as well as subsequent thermal events.  Initial Rb-

Sr whole rock dates are difficult to decipher but Goldich and Hedge (1974) propose a 

tentative age of 3950±70 Ma for the foliated phase of the Montevideo gneiss. In an 

attempt to resolve earlier dates, Goldich and others (1980) compile past Rb-Sr whole rock 

data and U-Pb zircon data with new data of their own.  Rb-Sr dates calculated for a 

number of the principal rock types in Montevideo block yield a scatter of data indicating 
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an age of 3,680±70 Ma for samples of the Montevideo gneiss from both Montevideo and 

Granite Falls sample sites, although separate analysis of the Granite Falls data produces 

older dates at 3,725±70 Ma with a lower intercept of 2,970±80 Ma.  Other samples of 

granitic gneiss from the Montevideo block produce ages between 3,040 and 3,055 Ma 

with lower intercepts from 3,100 to 3,115 Ma.  U-Pb analysis on the older portion on the 

Granite falls gneiss, excluding pegmatite granite and granite gneiss, produces an upper 

intercept of 3,592±118 Ma with discordia lines at 3,050, 2,600 and1,800 Ma.  Pegmatite 

granite and granitic gneiss yield a U-Pb age of 3,045±32 Ma. 

 Rb-Sr and U-Pb zircon studies in the Morton area, presented in Goldich and 

Wooden (1980), yield similarly complex Rb-Sr data.  Though ages of 3,475±110 and 

2,700-2,600 Ma are reported for the paleosomal and neosomal portions of the gneiss, 

respectively, significant redistribution of Rb and Sr make the dates unreliable.  U-Pb 

zircon analysis yields a primary age of 3,487±123 Ma and a lower intercept of 1,732±118 

Ma for a tonalitic gneiss sample.  An alternative method of grouping the data for analysis 

produces an upper intercept age of 3,592±118 Ma and lower intercepts of 3,043±26 and 

1,910±173 Ma. 

Recent application of more refined dating techniques has clarified some of the 

difficulties associated with the earlier attempts to date MRV rocks.  Unpublished 

SHRIMP dating of zircons from the MRV conducted by Bickford and others has shed 

some light on the apparent discrepancy between U-Pb and Pb-Pb dates reported by 

Goldich and others (1970, 1974, 1980) and attributed to U loss or Pb gain in zircon 

crystals during cretaceous weathering.  Bickford and others report dates for three 

different sample sites in the Montevideo Block.  Two samples collected near Montevideo 
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yield upper intercept ages of 3,485±10 and 3,385± 8 Ma.  A single zircon analyzed from 

core to rim gave an age of 3,486 Ma for the core and 3,388± 8 Ma for the rim.  Samples 

collected near Granite Falls produced an upper intercept age of 3,496± 9 Ma with several 

~3500 Ma cores surrounded by 2,606± 4 Ma rims.  A second sample from the same 

quarry was dated at 3,141± 2 Ma with some zircons containing 3422± 9 Ma cores and 

others containing 3,140 Ma cores surrounded by ~2,600-2,700 Ma rims.  Garnet-Biotite 

gneiss produced a 2,619±20 Ma age.  Samples from the Morton block yielded regressed 

ages of 3,516±17 Ma, 3360±9 and 2595±4 (regressed rim ages) Ma for samples near 

Morton, 3,773±19 Ma for a sample near Redwood Falls, and 3529±3 Ma for samples 

from an area further north along the river.  Multiple growth rings were recorded in many 

of the zircons. 3,500 Ma cores surrounded by 3,145±2 Ma rims were common as well as 

2595±4 Ma rims.  The Sacred Heart granite produced a weighted mean average age of 

2,604±5 Ma. 

Dating of the granitoid rocks to the north-east of the MRV indicate that they 

intruded the Archean gneisses at various times during and shortly after this period of 

Penokean tectonism. U-Pb ages of 1,770 Ma and 1,812 ± 9 Ma have been reported for the 

St. Cloud granite and Reformatory granodiorite, respectively.  K-Ar whole rock ages of 

1,570 Ma for diabase dikes crosscutting both granites reinforce the U-Pb dates on the 

granites (Hanson, 1968).  Pb isotope data, however, indicates ages as old as ~1,800 for 

the dikes.  More recent Ar/Ar whole rock dates on samples of NE-trending diabase dikes 

that crosscut the St. Cloud granite (Boerboom & Holm, 2000) yield much younger dates 

with approximate total gas ages between 1,150 and 1,200 Ma, an age that places them 

significantly younger than similar dikes in the MRV area.  
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METHODS 

Samples were taken at six locations along a section of the Minnesota River Valley 

representing an area including both the Morton and Montevideo blocks and a sample 

from Cretaceous age saprolite developed on the Morton gneiss (Figure 3).  Using GPS 

coordinates taken in the field and Minnesota geological survey maps of the region, we 

measured the sampling area stretching 54.5 km long from Granite Falls to Montevideo 

along the river in a NW to SE direction and spanning 24.6 km across in the NE to SW 

direction.  The samples taken represented a total elevation change across the valley of 

49.5 m.  Two additional samples sites were chosen further to the NE in the Stearns 

county area in order to have some samples representing the younger, Penokean orogeny 

related granitic intrusions.   

Samples collected from the Morton Block include:  a sample of granitic gneiss 

collected in the Morton area from a small, inactive quarry near the old Morton 

elementary school (04MT-1, Morton quarry sample), a cretaceous saprolite developed on 

the Morton gneiss, collected under the highway 19 bridge across the Minnesota River in 

the city of Redwood Falls (04RF-1, Redwood Falls saprolite), a sample of dark pink 

granitic gneiss outcropping on the edge of a farm field in the southwest corner of the 

Echo quadrangle (04EQ-1, Echo quadrangle gneiss) and a granitic gneiss collected from 

a small inactive quarry in a farm field outside of School Grove, MN (04SG-1, School 

Grove gneiss).  A single sample of banded granitic gneiss from the Montevideo block 

was collected at the Yellow Medicine quarry operated by Martin-Marietta Aggregates 

outside of Granite Falls, MN (04GF-1, Granite Falls/Montevideo gneiss).  A sample of  
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Figure 3.  Simplified geologic map showing sample locations along the Minnesota River Valley, modified
from Morey & Sims (1976).
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the Sacred Heart granite was collected from a road cut outcrop along highway 212 just 

north of Sacred Heart, MN (04SH-1, Sacred Heart granite).  Samples of the Stearns 

County, Paleoproterozoic granites were collected from the Martin-Marietta operated 

quarry in Waite Park, near St. Cloud, MN where the St. Cloud and Reformatory granites 

are both extracted in a single quarry.  A sample was taken of each (04SC-1, St. Cloud 

granite; 04R-1, Reformatory granodiorite).  

Samples collected in the field were processed for mineral separates of apatite and 

zircon by Apatite to Zircon, Inc.  The Redwood Falls saprolite sample yielded no usable 

apatite crystals.  All other sample locations, however, provided enough usable grains of 

both apatite and zircon to allow at least two samples to be run.  Hand picking under the 

microscope was used to select both apatite and zircon grains. Apatite crystals bearing 

inclusions, cracks or irregularities that could affect He diffusivity were excluded.  Clear, 

well formed crystals were photographed and measured for the purpose of calculating 

alpha ejection parameters and then wrapped in Pt foil.  Zircon crystals were selected 

based on regular crystal form and absence of cracks, chips and other irregular features.  

Because of the relative abundance of usable zircon crystals in comparison to apatite 

crystals, we were able to choose zircon crystals representing a range of sizes.  Due to the 

age of the rocks in this study most of the zircon crystals were mildly to badly radiation 

damaged.  Based on color and clarity we were able to choose zircon crystals that 

represented a range of radiation damage as well.  Zircon crystals were subsequently 

photographed, measured for alpha ejection correction and wrapped in individual Nb 

packets.  All samples were analyzed in the (U-Th)/He Chronometry Lab at Yale 

University where they were first degassed using a 1064 nm Nd:YAG laser for He 
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extraction. He gas was processed by a cryotrap cycling between 16 and 45 K, and the 

purified He was then measured on a gas-source quadrupole.  The samples underwent a 

dissolution process and U-Th ratios were measured on a high-resolution Element2 ICP-

MS (inductively-coupled plasma mass spectrometer).   Apatite analysis was conducted 

using the procedures outlined in (Farley, 2000; Farley et al., 1996) and a Durango apatite 

standard was used for age corrections following the methods of (Farley et al., 2000).  

Zircons were processed according to the method outlined in (Nasdala et al., 2004; 

Reiners, in preparation) using a fish canyon tuff  zircon as a standard for age correction.   

Raw ages are calculated based on U, Th and He content and corrections to these 

ages are made to accommodate ejection of alpha particles due to near surface decay 

events.  Stopping distances of alpha particles, as the daughter particle separates from the 

parent, are large enough to cause a fraction of total He produced during the radiogenic 

decay of uranium to exit the crystal, making ejection from the crystal an important 

consideration in the final age determination (Reiners, 2002b).  The stopping distances are 

well known and can be combined with models of ideal crystal shape, size and U 

distribution in order to calculate corrected ages.  Crystals with heterogeneous U 

distribution or large area to volume ratios produce the most uncertainty in alpha ejection 

correction (Hourigan et al., in press; Reiners, 2002b). 

 

RESULTS 

 

Zircon Age Data 
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Samples gathered at all locations along the Minnesota River valley yield an abundance of 

well formed zircons representing a range of crystal sizes.  Nearly all crystals, however, 

show distinct signs of radiation damage including discoloration ranging from amber to a 

dark purple brown (Figure 4).  Mineral separates obtained from the St. Cloud area yield 

fewer zircons than the MRV samples but display a similar degree of radiation damage 

(Figure 4).  Zircon ages for all samples are, on the whole, scattered unpredictably and 

difficult to replicate.  Summary data are displayed in Table 2 and ages for each sample 

are presented in graphical form in figure 5. 

 

Morton Block 

Samples from the Morton Block yield (U-Th)/He zircon ages ranging from ~2-925 Ma.  

Six grains from the Morton quarry produce ages from 240-638 Ma with three ages falling 

within error at 240-250 Ma, and two ages within error at 574-638 Ma.  Six grains from 

the echo quadrangle sample yield ages ranging from ~42-336 Ma and this is the only 

other sample from the Morton Block that produces replicable ages, with three grains in 

this sample within error near 300 Ma.  The two zircons from School Grove range in age 

from ~2-89 Ma, the two Redwood Falls zircon ages range from ~649-924 Ma and two 

Sacred Heart zircons produce ages of ~14 and ~271 Ma.  When the body of 

data for the Morton block is viewed as a whole, a cluster of ages within error, including 

two ages from the Morton Quarry and one from Redwood Falls occurs at approximately 

600 Ma.  Another cluster at approximately 300 Ma is created by overlapping dates 

between two ages from Morton zircons, Echo Quadrangle zircons and one zircon from 

the Sacred Heart granite. 



a) b)

c) d)

Figure 4.  Typical morphology of grains dated.  Zircons crystals from the archean samples show distinct signs
of radiation damage, ranging in color from a) amber to b) dark purple brown.  Samples from the St. Cloud 
region c) show a similar degree of radiation damage.  Dateable apatite grains d) were more difficult to obtain.
Colored lines mark measurements used to calculate He diffusion parameters for alpha ejection
correction.

22
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Table 2.  Corrected (U-Th)/He Zircon ages from the Minnesota River Valley 
and St. Cloud areas. 
 

Location Sample 
 

Corrected 
Age (Ma) 

Error 2σ 
(Ma) 

Grain size/ 
Radius 
(µm) 

Uranium 
Content 
(ppm) 

Morton 
Block  

04MT1zA 637.7 51.0 67 362.2
04MT1zB 573.9 46.0 68 345.7
04MT1zC 249.4 20.0 45 979.6
04MT1zD 249.8 20.0 80 739.2
04MT1zE 240.2 19.2 49 974.3

Morton Quarry 
Lat: 44° 33.177’ 
Long: -94° 59.560’ 
Alt: 287.7 m 

04MT1zF 401.4 32.1 54 567.7

04SG1zA 2.3 0.2 44 1.9
School Grove 
Lat: 44° 33.915’ 
Long: -95° 35.034’ 
Alt: 326.3 m 

04SG1zB 89.2 7.1 55 1738.3

04EQ1zA 336.2 26.9 41 781.5
04EQ1zB 291.5 23.3 41.5 748.0
04EQ1zC 76.5 6.1 36.25 894.3
04EQ1zD 42.0 3.4 31 865.8
04EQ1zE 57.4 4.6 34.5 1107.3

Echo Quadrangle 
Lat: 44° 33.234’ 
Long: -95° 26.514’ 
Alt: 326.5 m 

04EQ1zF 307.3 24.6 42.5 646.86

04RF1zA 925.0 74.0 64 84.0
Redwood Falls 
Lat: 44° 32.986’ 
Long: -95° 07.366’ 
Alt: 284.7 m 

04RF1zB 649.7 52.0 72 155.0

04SH1zA 14.2 1.1 49.5 1010.8
Sacred Heart 
Lat: 44° 41.033’ 
Long: -95° 20.339’ 
Alt: 277.5 m 

04SH1zB 270.7 21.7 56 882.8

Montevideo 
Block  

04GF1zA 757.9 60.6 56 247.4

Granite Falls 
Lat: 44° 49.733’ 
Long: -95° 33.650’ 
Alt: 287.1 m 
 04GF1zB 760.3 60.8 63.25 254.2

St. Cloud  

04SC1zA 843.5 67.5 47 421.8

St. Cloud 
Lat: 45° 33.103’ 
Long: -94° 14.165’ 
Alt: 333.2 m 04SC1zB 769.1 61.5 71 415.1

04R1zA 464 37 42 656.2
Reformatory  
Lat: 45° 33.103’ 
Long: -94° 14.165’ 
Alt: 333.2 m 

04R1zB 619 50 51 579.8
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Montevideo Block 

Two zircons from the Granite Falls sample site yield ages within error between ~758 and 

~760 Ma.  When compared to ages obtained from the Morton block samples, the Granite 

Falls zircon ages roughly correlate with the older age cluster around 600 Ma although 

overlapping error only occurs between the Granite Falls samples and the two oldest ages 

that are part of the 600 Ma Morton block cluster. 

 

St. Cloud 

Two ages within error in the St. Cloud area are produced by zircons from the St. Cloud 

Granite, ~769-843 Ma.  Zircons from the Reformatory Granodiorite yield younger, 

discordant ages of ~464 and ~619 Ma. 

 

Apatite 

Apatite crystals meeting the size, shape and purity criterion for (U-Th)/He dating were 

difficult to obtain from the samples in this study due to the extreme age of the rocks.  

Mineral separation of the Redwood Falls saprolite sample failed to yield any usable 

apatites and only one acceptable crystal was found in each of the St. Cloud samples.  This 

lack of viable apatite grains, in part, prevented reliable dating.  (U-Th)/He dates on the 

apatite crystals in this suite were, on the whole, inconsistent and not replicable.  

Summary data are presented in Table 3 and ages for each sample are presented in 

graphical form in figure 5. 
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Table 3.  Corrected (U-Th)/He apatite ages from the Minnesota River Valley 
and St. Cloud areas. 
 

     Location Sample 
 

Corrected 
Age (Ma) 

Error 2σ 
(Ma) 

Grain size/ 
Radius 
(µm) 

Uranium 
Content 
(ppm) 

Morton 
Block  

04MT1a 219.7 13.2 44 53.3

04MT1AB 366.0 22.0 53 11.0

04MT1AC 383.3 23.0 79 25.9

 
 
Morton Quarry 
Lat: 44° 33.177’ 
Long: -94° 59.560’ 
Alt: 287.7m 

04MT1AD 525.6 31.5 58 14.8

04SG1a 1724.6 103.5 37 47.4

04SG1AB 469.9 28.2 51 107.1

School Grove 
Lat: 44° 33.915’ 
Long: -95° 35.034’ 
Alt: 326.3m 04SG1AC 1353.2 81.2 38 40.5

04EQAA 912.5 54.7 53 25.8

04EQ1AB 376.0 22.6 76 21.9

Echo Quadrangle 
Lat: 44° 33.234’ 
Long: -95° 26.514’ 
Alt: 326.5m 04EQ1AC 461.8 27.7 95 46.0

04SH1AB 553.0 33.2 43 19.4
Sacred Heart 
Lat: 44° 41.033’ 
Long: -95° 20.339’ 
Alt: 277.5m 

04SH1AC 351.8 21.1 52 16.9

Montevideo 
Block  

04GF1a 402.0 24.1 29 33.0

04GF1AB 127.6 7.7 57 6.6

 
 
Granite Falls 
Lat: 44° 49.733’ 
Long: -95° 33.650’ 
Alt: 287.1m 
 04GF1AC  297.8 17.9 59 10.3

St. Cloud 
Area   

 
St. Cloud 
Lat: 45° 33.103’ 
Long: -94° 14.165’ 
Alt: 333.2m 

04SC1AA 2322.8 139.4 48 4.7

Reformatory  
Lat: 45° 33.103’ 
Long: -94° 14.165’ 
Alt: 333.2m 

04R1AA   829.8 49.8 43 53.5
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Morton Block 

The Morton block samples produce a variety of discordant ages ranging from 

1724.62±103.48 Ma to 220±13.18 Ma.  Four grains from the Morton quarry sample yield 

ages ranging from ~220-526 Ma with two dates falling within error of one another 

between 365 and 385 Ma.  Three apatites from the School Grove sample produce an age 

range from ~469-1725 Ma.  Three Echo Quadrangle ages range from 376-912 Ma.  The 

Sacred Heart sample produces ages at ~352 and ~553 Ma.  Ages obtained for these 

apatites, particularly from the Sacred Heart, Echo Quadrangle and School Grove samples 

are consistently older than their zircon counterparts, indicating that one or the other is 

anomalous since the lower apatite closure temperature should produce younger apatite 

ages than zircon ages (Figure 6). 

 

Montevideo block 

Three grains analyzed from the 04GF-1 Montevideo block sample yield no concordant 

dates and produce a range between ~128 Ma and ~402Ma. 

   

St. Cloud 

The two viable apatite grains from the St. Cloud area did not yield concordant 

dates.  At ~2323 Ma, the St. Cloud granite sample produces the oldest age in the entire 

study but the U levels in this grain are low enough to be near detection limits which could 

explain the anomalous date.  The Reformatory granodiorite produced an age of ~830 Ma.  

It should be noted that the apatite ages for both St. Cloud area samples greatly exceed the 

zircon ages for these same samples, indicating that one or the other is anomalous since 



Zircon and Apaite sample location vs age (Ma)

0

500

1000

1500

2000

2500

3000

0 1 2 3 4 5 6 7 8 9

Sample Location

ap
pa

re
nt

 (U
-T

h)
/H

e 
ag

e 
(M

a)

1. 04GF-1 2. 04EQ-1 3. 04SH-1 4. 04SG-1 5. 04MT-1 6. 04RF-1 7. 04R-1 8. 04SC-1

Figure 6. (U-Th)/He ages for each sample location.  (U-Th)/He apatite ages are plotted using open symbols and (U-
TH)/He zircon ages are represented by closed symbols.  Montevideo block samples are represented by diamond 
shapes, Morton block samples are represented by squares and St. Cloud area samples are represented by 
triangles. 28



 29

the lower apatite closure temperature should produce younger apatite ages than zircon 

ages (Figure 6).  

 

DISCUSSION AND CONCLUSIONS 

 

Geochronology 

After a series of efforts including those published in Goldich and others (1970), 

Goldich and Hedge, Farhat and Wetherill (1975), Wilson and Murthy (1976), Goldich et 

al. (1980), Goldich and Wooden (1980), Doe and Deleveaux (1980), and Wooden et al. 

(1980), and summarized nicely in Sims (1993),  four main events defining the history of  

the MRV have been identified.  At 3,500 the intrusive protolith of the tonalite-

granodioritic gneisses crystallized.  A high grade metamorphic event at 3,050 Ma was 

followed at 2,600 Ma by another high grade metamorphic event that resulted in the 

emplacement of the Sacred Heart granite.  A low grade thermal event at 1,840 Ma was 

accompanied by the emplacement of small mafic to felsic igneous bodies.  These events 

have been accepted, however, with the reservation that the Rb-Sr and U-Pb systems had 

supposedly been disturbed during mixing between the neosome and protosome within the 

Morton gneiss and due to the effects of cretaceous weathering.   

Since the earlier studies, other insight into the problem of the MRV’s history has 

been added by reinterpreting the body of knowledge available. The first  Rb-Sr dating 

performed by Goldich and Hedge (1962) on K-feldspar samples yielding ages of 

approximately 2500 Ma, are used by Southwick and Chandler (1996) to argue that 

systematic offset in the mean ages and age ranges toward older dates in the Montevideo 
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block over the Morton block suggest the possibility that the two blocks underwent 

independent pre-amalgamation histories. K-Ar biotite dates reported in Southwick & 

Chandler (1996), taken from work published by Goldich et al. (1961) and supported by 

subsequent Ar-Ar dating (Holm, 1998), lend insight into lower temperature events in the 

cooling history of these rocks, since the K-Ar biotite system closure temperature is 

approximately 300° C.  Rocks from the Montevideo block yield dates between 1,750 and 

1,850 Ma while the Morton block ages are older, ranging from 2,400-2,500 Ma.  It has 

been observed by Southwick and Chandler (1996) that Montevideo block ages 

correspond to the height of the Minnesota-Wisconsin convergence during the Penokean 

Orogeny while ages for the Morton block indicate that this area escaped Penokean 

resetting. 

The recent application of SHRIMP dating to the MRV rocks (Bickford et al., in 

preparation) has provided the information necessary to more definitively identify the 

important events in the early history of the MRV rocks.  Bickford and others report 

primary crystallization of the Montevideo Gneiss at Montevideo and Morton and 

crystallization of the Morton gneiss at 3,500 Ma followed by a variety of events that 

caused new layers of zircon growth around cores that retain the age signature of older 

events.  These events include the 3,385 Ma granodiorite intrusion of the Montevideo 

gneiss and local intrusion of granodiorite into the Morton gneiss, a mafic intrusion in the 

Granite Falls and Montevideo areas at 3,140 Ma, a thermal event causing the growth of 

zircon rims in the Montevideo gneiss as well as high grade metamorphism at 2,619 Ma 

causing additional rim growth followed by the emplacement of the Sacred heart granite at 

2,604.  Although the zircons analyzed did not retain evidence of an event in the 1,800 Ma 
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range, Bickford and others recognize that other evidence seems to overwhelmingly 

support some event during that time period.  Evidence for mixing between rocks of 

several ages in the gneiss is made clear through the SHRIMP dating method since 

populations recording ages of both 3,500 Ma and 3,380 Ma were well represented in the 

Morton gneiss.  Significantly, dating by Bickford et al. allows us to dismiss concerns 

expressed in older studies about possible U leaching affecting zircon crystals is not a 

major consideration.  Since the cores of some of these zircons retain ages as old as 3,600 

Ma despite high temperatures and metamorphism extreme enough to generate whole new 

layers of zircon growth, it is clear that cretaceous weathering probably had little or no 

effect on the zircons. 

 

(U-Th)/He data 

 Apatites dated in this study produced a wide scatter of (U-Th)/He apatite ages 

ranging from ~220-1725 Ma in the Morton block samples and from ~127-402 Ma in the 

Montevideo block samples.  Samples from the St. Cloud area produced ages between 

~2323 and 830 Ma.  Zircon (U-Th)/He ages ranged from ~2-925 Ma for the Morton 

block samples, ~758-760 Ma for the Montevideo block sample and ~464-843 Ma for the 

St. Cloud samples.  The wide scatter in the data and the inability to obtain clear, 

reproducible ages for either zircons or apatites reflects the complexity of the history that 

these rocks have experienced.  In order to extract meaningful information from these 

scattered ages, it is necessary to look more closely at patterns in these data.  This section 

focuses on analyzing the data for certain correlations and patterns that may provide some 

insight into the significance of the (U-Th)/He dates produced by these very old rocks. 
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Uranium content and Crystal Radius data 

Uranium content and crystal radius data, presented along side the age data in 

Tables 2 and 3 show a wide variation both within and across all sample areas. Figures 7 

through 9 show graphs that display the relationship between uranium content, crystal 

radius data and age for both apatite and zircon. 

Figure 7 shows the correlation between uranium content and age for apatite and 

zircon. The zircon data exhibit a clear trend with greater amounts of uranium 

corresponding to younger ages and lower uranium content corresponding to older ages.  

This trend is visible within individual samples and across sample blocks and when all 

samples are considered together.  Possible explanations for this behavior will be 

discussed further.  The apatite data are less clear and show a trend of increasing age 

scatter with higher uranium content in addition to a weak trend correlating older ages to 

higher U content. This trend is, however, not necessarily represented within groups of 

grains from a single sample, nor is the trend consistent across the sample blocks. 

In Figure 8, crystal radius is used as a proxy for grain size because the crystal 

radius represents the effective diffusion domain of a given crystal.  This figure comparing 

crystal radius and age shows a general trend of age increasing with grain size in the 

zircon samples.  Though this trend can be seen in grains from individual samples and 

across blocks of samples, 04RF-1 and 04SC-1 do not exhibit this correlation and 04MT-1 

contains one outlier.  Apatite ages show a less consistent correlation.  Despite a slight 

overall trend toward decreasing age with increasing grain size, only 04SG-1 and 04SH-1 
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contain individual grains that consistently follow this trend. 

Since both grain size and uranium content show correlation with age it seems 

relevant to investigate whether grain size and U content were in any way correlated.  

Figure 9 contains graphs displaying the relationship between these two variables.  No 

robust trend is apparent in zircon or apatite although a weak trend might be argued in the 

zircon data between larger size and lower U content. 

Elevation Data 

Correlations between sample elevation and age are often looked for in (U-Th)/He 

dating because the low closure temperatures of the apatite and Zircon (U-Th)/He systems 

make them sensitive to exhumation rates. Figure 10. compares apatite and zircon ages to 

sample elevation across the Minnesota River Valley with the St. Cloud samples on the far 

right.  With the exception of the Sacred Heart samples, a weak trend of decreasing age 

with increasing elevation could be argued across the MRV for zircons.  The apatite ages, 

however, very generally indicate the opposite trend, showing generally increasing age 

with increasing elevation. 

 

Crystal size, Alpha-fluence, Elevation and U-Th He Dating 

 Since the data do not behave in the sort of predictable way that would 

easily permit interpretation using a more basic understanding of (U-Th)/He 

thermochronometry, several theoretical concepts should be looked at more carefully.  As 

the use of (U-Th)/He dating has grown, it has been applied to a broader variety of rocks 

in more complex settings.  In this process, the deviation of some cases from typical He 

system behavior has led to an effort to model these deviations in order to better 
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Figure 10. Elevation vs. (U-Th)-He date for (a) apatite and (b) zircon from 
the Minnesota River Valley and St. Cloud area.  
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understand certain systematic factors that affect the accuracy of (U-Th)/He dates so that 

we can correct for deviant behavior in order to get ‘actual,’ geologically significant dates 

or in order to gain a better understanding of what the presence of certain deviant 

behaviors reveals about the history of a given rock. (U-Th)/He zircon dates from the 

MRV are strongly correlated to both U content and grain size.  A growing body of 

literature addresses the potential influences of these two factors on (U-Th)/He age.  A 

clear model that would allow us to understand the behavior of these particular dates, 

however, does not yet exist. 

 

Crystal Size 

Studies by Reiners & Farley (2001) address a relationship between age and grain 

size observed in zircon suites from certain samples.  In these cases (U-Th)/He ages vary 

not only with thermal history but also with crystal size depending on variations in 

fractional He loss cause by crystal size variations.  Since the lengthscale of diffusion is 

considered to be the crystal radius for both apatite and zircon (Reiners & Farley, 2001; 

Reiners, 2002, 2004), this lengthscale and associated levels of fractional He loss varies 

with crystal size such that larger crystals tend to retain a greater fraction of radiogenic 

He, and given certain thermal conditions will display older ages than smaller crystals.  

The magnitude of this crystal size effect, however, depends on the thermal history of the 

rock.   In particular, it depends on how long the rock stayed at temperatures within the 

zone near the He system’s closure temperature.  Within this zone, He is partially retained 

and partially lost so that the effect of different rates of fractional He loss in large vs. small 

crystals is magnified over the period of time a given crystal spends in the partial retention 
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zone so that the influence of size on He age is most apparent in rocks where temperatures 

have been in the partial retention zone for long periods of time.  This critical threshold 

occurs, for example, when an apatite crystal has been held between 30° and 17 °C for 

>107 years (Reiners & Farley, 2001; Reiners, 2002, 2004).   

In rocks that quickly cool through the closure temperature, the transition from He 

loss to He retention is rapid and resulting (U-Th)/He ages simply reflect the time elapsed 

since cooling through the relatively narrow closure temperature range.  In this case the 

influence of crystal size on He retentivity is minimized.  A slow cooling rate, on the other 

hand, produces (U-Th)/He ages that strongly reflect variations in fractional He loss that 

are dependent upon crystal size variations.  In this case, instead of dating cooling through 

a certain temperature, (U-Th)/He ages represent a state of equilibrium in which the rates 

of radiogenic production of He and He diffusion are equal.  The time at which this 

equilibrium is achieved can be represented by the equation 15a2/D where a is the 

diffusion domain size represented by the crystal radius and D, the diffusion rate of He, 

follows the Arrhenius relationship D=D0exp(-Ea/RT) as shown in Reiners & Farley 

(2001).  In such cases, accurate interpretation of (U-Th)/He ages must incorporate the 

effect of crystal-size.  For variations in crystal size, the time necessary to reach 

equilibrium is highest for the lowest temperatures and largest crystals so that for a large 

crystal that cooled very slowly through low temperatures, the (U-Th)/He ages obtained 

will be much younger than expected. 

 

Radiation Damage 



 40

Radiation damage in Zircon crystals due to the accumulated effects of alpha decay 

events over time exerts a strong influence on a zircon crystal’s ability to retain radiogenic 

He and represents an additional important consideration in interpreting zircon (U-Th)/He 

dates.  Results from step heating experiments on zircons have suggested a strong negative 

correlation between U content and age in zircons (Nasdala et al. 2004; Reiners et al. 

2002, 2004), although this same relationship has not been shown to apply to apatite.  The 

relationship between U concentration and age results from the compromising effects of 

alpha-recoil radiation damage on the integrity of the zircon crystal and its ability retain 

He within its structure after sustaining certain levels of radiation damage.  Exposure to 

the threshold radiation damage (2-4 x 1018 α/g Reiners et al., 2004) brings about visible 

changes in the crystal of the sort observed in the zircons in this study.  In laboratory 

experiments, young zircons with low U concentrations and very little radiation damage 

exhibit He diffusion behavior that is similar to the diffusion behavior displayed by old 

zircons with much higher U concentrations and radiation damage, indicating a direct 

relationship between radiation dosage and apparent (U-Th)/He ages and suggesting 

greatly compromised He retentivity at high degrees of radiation damage. This behavior is 

apparent upon examination of zircons from a single, old sample with zircons representing 

a wide range of U concentrations where at higher U concentrations, apparent zircon He 

ages decrease rapidly as shown in Nasdala et al. (2004).  

The systematics of radiation damage in zircons are poorly understood and efforts 

to model the effects of radiation damage or to measure the extent of radiation damage in a 

zircon crystal and use this information to “correct” apparent ages have been difficult and 

relatively unsuccessful.  Although some models have been developed that attempt to 
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quantify the effects of radiation damage on (U-Th) He zircon ages using crystallinity as a 

proxy for radiation damage, these attempts to better appreciate the influence of radiation 

damage on zircon (U-Th)/He dates is complicated by the fact that in radiation damage 

retention does not conform to a simple model in which radiation damage retention 

follows a proportional relationship with crystallinity.  It is possible, for example, for the 

alpha-recoil radiation damage responsible for metamictization to be annealed at elevated 

temperatures (Nasdala, 2004) suggesting that if we wanted to measure the critical 

radiation dosage causing compromised He retention in a zircon crystal it would have to 

be calculated only for the duration of time a zircon has spent below some temperature but 

it is not yet clear what that temperature is (Reiners, unpublished). 

 In many situations, it is impossible to model retained radiation damage as a 

function of U-Th concentration, because of a lack reliable and reproducible zircon He 

ages, and a lack of available facts about the low temperature histories of the rocks do not 

allow us to “back-calculate” the effects of radiation damage.  This is especially true in 

very old rocks of the sort being analyzed in this study.  In some cases, however, large U 

contrasts or some other thermochronologic constraint allow a critical radiation dosage for 

rapid He loss to be calculated, representing an upper limit on radiation dosage limit for  

geologically meaningful zircon He ages.  It has been proposed by Reiners (unpublished) 

that if the relationship between He diffusivity and alpha recoil radiation damage is 

systematic at intermediate extents of damage, it may be possible to use the specific 

relationship between alpha-fluence and apparent (U-Th)/He age among zircons from the 

same rock to deduce thermal histories as shown in Figure 11.  In this proposed, 

hypothetical model the trendlines show that zircons with young “true” cooling ages  



Figure 11.  Measured zircon (U-Th)/He age versus alpha fluence (number of alpha decay events 
produced per gram of zircon per million years based on measured U and Th concentrations shown 
on lower x axis) and the corresponding U equivalent (upper x axis) for the ages obtained for MRV 
rocks.  Model trends are based on predicted Zircon He ages calculated assuming that crystallinity 
(Nasdala et al., 2004) is equal to apparent zircon He age over “true” Zircon He age (the age assigned 
to a given contour).  MRV samples produce Zircon He ages that conform reasonably well at high 
alpha fluence but at lower alpha fluence MRV ages are “too young”  to fit the model, suggesting a 
more complicated relationship between He retention and fractional crystallinity resulting from 
radiation damage.  Modified from Reiners (in preparation).

42
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preserve geologically significant zircon He ages even at high alpha-fluences, but with 

increasing “actual” cooling age, zircons with progressively lower alpha-fluences would 

show decreasing apparent ages Meaning that in old radiation damaged zircons, age 

decreases as alpha-fluence increases (Reiners, in preparation). 

 

Elevation 

(U-Th)/He dating is useful in investigating paleogeomorphology problems 

because of its sensitivity to low temperature variations of the sort that take place in the 

upper few kilometers of the earth’s crust that can be linked to correlations between 

elevation and (U-Th)/He age.  At such shallow depths, certain topographical features can 

strongly affect isotherm behavior in terms of wavelength and depth.  For example, 

systems of ridges and valleys can bend isotherms so that isotherms are more closely 

spaced beneath the valley creating a steeper geothermal gradient beneath the valley than 

the adjacent ridge.  This scenario creates a distinct pattern of (U-Th)/He ages since under 

uniform exhumation, rocks exhumed under a ridge will take longer to pass through the 

closure temperature of the U-Th/He system and will exhibit younger cooling ages than  

the rocks under a valley.  If the topographic relief in a region is old enough these age 

signatures should be visible in samples collected along an elevation transect. 

 

This Study 

 The extreme age of the Minnesota River Valley rocks and the complexity of their 

thermal history make them difficult to strictly interpret using any single idea from the 

previous theoretical work investigating the various factors that influence observed (U-
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Th)/He age.  Although ages obtained for these rocks are difficult if not impossible to 

replicate and represent a scatter with a variety of inconsistencies that contribute to the 

difficulty of sorting out what the ages mean, the behavior of the data suggests that a few 

geologically significant conclusions might be drawn.  In addition, the results of the study 

have some important implications for the application and interpretation of (U-Th)/He 

dating to similarly old, radiation damaged rocks. 

The apatites dates are widely and for the most part unsystematically scattered and 

are very difficult to explain given limited present knowledge regarding apatite (U-Th)/He 

dating in very old rocks.  The only dates that reproduce are two of four grains from the 

Morton quarry sample. The correlation between apatite He age and grain size is weak and 

offers little in the way of explaining the scatter of ages. In addition, age and U 

concentration do not appear to be related, nor does any work in the area of (U-Th)/He 

dating explain such a correlation if it did exist. It is possible that preferential siting of 

apatite grains near high U-Th phase minerals may account for variation and excess He in 

the apatites (Baxter, 2003) but the locations within the sample of the specific apatites that 

were dated are not known and thin sections of the sample rocks do not conclusively 

support this theory.   

The zircons dates, on the other hand, provide an interesting scatter of ages with 

certain systematic behaviors that can be interpreted in light of some of the previous work 

on radiation damaged zircons. Although the zircon He ages are not reproducible, they 

follow a fairly predictable pattern, based on U concentration. Several samples give 

reproducible Zircon He ages including 04GF-1, at ~760 Ma; 04MT-1, at ~600 Ma and 

04SC-1, at ~800 Ma. In each case, however, the reproducible ages come from grains that 
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have very similar U concentrations. In the larger dataset, zircons with significantly 

different U concentrations yield ages that are not reproducible, making the geologic 

significance of the reproducible samples questionable. In the Morton quarry sample, for 

instance, the reproducible ages come from grains with similar U concentration but when a 

grain from the same sample with lower or higher U content is dated, the age deviates 

significantly.  

According to the hypothetical model suggested by Reiners (in preparation) the 

relationship between apparent age and U content might be expected to follow a 

predictable pattern as increasing levels of radiation damage, corresponding to higher 

uranium content, systematically shift apparent ages further away from true ages.  

Younger zircon He ages for samples with the highest U content place the MRV rocks 

along an old (2,250-3,250 Ma) trend line in Figure 11.  The entire group of samples, 

however, are not consistent with this simple hypothetical model. Although these zircons 

show age patterns similar to the model trends for at high alpha-fluences, at lower alpha-

fluences, the ages are lower than expected for such trends, with ages plateauing around 

the 800 Ma trendline.  It is possible that this plateau represents “true” age trend, but 

theoretical work neither supports nor refutes this idea.  More work is clearly needed to 

understand the relationships between radiation damage and He diffusivity, and to extract 

potentially useful information in age-alpha-fluence relationships.  

A relationship between crystal size and age is not clear for apatites but a notable 

correlation does exist between zircon age and grain size.  Although this correlation is not 

as strong as the relationship observed between U content and age, it still may represent an 

influence that should be accounted for in interpreting the observed Zircon He ages.  The 
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positive correlation between grain size and age follows the general relationship described 

in Reiners and Farley (2001) that one would expect to see in slowly cooled rocks that 

were held in the partial retention zone for a relatively long period of time, suggesting that 

the MRV rocks may have experienced a slow, prolonged period of cooling through the 

zircon closure temperature. 

It is worth noting that there are other poorly understood factors that could be 

influencing the (U-Th)/He ages that the MRV rocks produce.  Crystal zonation involving 

heterogeneous distribution of uranium, for example, is known to affect Zircon He ages 

(Baxter, 2003).  Although the zircons from this region dated by Bickford et al. (in 

preparation) displayed clear zonation with old cores surrounded by multiple periods of 

zircon growth, major discrepancies in uranium content may or may not be present 

between the different layers.  Complications are almost surely introduced as well by the 

deviation of actual crystals from the ideal crystal shape and uniform, consistent He 

diffusion that are assumed in the theoretical models used to correct for alpha ejection 

along the perimeter of the grain. 

 

Synopsis 

Other considerations aside, two notable things emerge from this study.  First, the 

effects of radiation damage profoundly affect the Zircon He ages in this study causing a 

strong correlation between U content and age.  Given current understanding of the 

dynamics of radiation damage, very little can be said in explanation of the dates obtained 

for MRV samples except that the rocks have been cool for a long enough period of time 

to have sustained major structural damage to zircon crystals and decreased He retentivity 



 47

as a result of radiation.  Using simple models like those suggested by Reiners (in 

preparation) and Nasdala et al. (2004), our data from higher U content crystals could 

justify an old age trend (2,250-3,250 Ma) while lower U content crystals suggest a 

younger age trend (approx. 800 Ma).  The older trend seems unlikely to be accurate given 

previous thermochronologic work that places several significant thermal events later than 

this trend would allow.  There is not, however, any evidence or theory to necessarily 

justify interpreting the zircon He age trend of ~ 800 Ma to be geologically significant. 

 Although modeling may someday allow us to correct for radiation damage in order to 

gain more meaningful information from He dates on old rocks like these, current models 

are too simple to explain these data.   

Second, grain size effects are apparent and, although this correlation does not lend 

any specific insights into the low temperature cooling history of these rocks, the presence 

of this correlation suggests that the MRV rocks cooled slowly and lingered at 

temperatures within the partial retention zone for a long period of time.  In this context, 

grain size related age variations record the time at which an equilibrium between He 

diffusion and retention was reached and should represent a minimum age after which 

these rocks were not exposed to any major period of heating.  This interpretation is, 

however, complicated by the influence of radiation damage so the minimum age 

suggested by looking exclusively at the effects of slow cooling and grain size is probably 

irrelevant.  All that we can reasonably conclude from the age-grain size correlation is 

probable slow cooling through the partial retention zone.  
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Appendix 1 
Apatite raw age data 

sample 
name 

ncc 4He ng U ng Th Th/U 
(atomic) 

ng Sm raw age 
(Ma) 

raw age ± 
(Ma) 

% err on raw 

DURMM*  3.0549 0.1524 2.7741 18.68 1.7713 31.1 0.51 1.65
DURLM*   6.6418 0.2920 5.8212 20.45 5.0297 32.7 0.54 1.65
DURAJB*   3.1049 0.1407 2.7888 20.34 2.4339 31.9 0.53 1.66
YDUR81*   3.1688 0.1492 2.8218 19.40 0.0000 32 1 1.91
YDUR82*   1.9712 0.0963 0.0017 18.86 0.6417 31 1 1.63
04GF1a   0.9438 0.0273 0.0202 0.76 0.6195 234 9.4 4.04
04GF1AB   0.4117 0.0324 0.0088 0.28 0.0000 98 2 2.46
04GF1AC   2.5030 0.0762 0.0467 0.63 0.0000 233 5 1.98
04SG1a   15.1474 0.0810 0.0755 0.96 0.7589 1139 29 2.53
04SG1AB   12.4178 0.2458 0.2089 0.87 0.0000 339 6 1.88
04SG1AC   9.9201 0.0683 0.0696 1.05 0.0000 897 19 2.07
04SH1AB   2.2022 0.0354 0.0467 1.35 0.2844 378 9.3 2.46
04SH1AC   2.3390 0.0518 0.0925 1.83 0.0000 258 5 1.85
04MT1a   4.1018 0.1821 0.1254 0.71 0.8218 158 3.3 2.13
04MT1AB   1.1108 0.0297 0.0141 0.49 0.3895 269 8.1 3.01
04MT1AC   10.1842 0.2267 0.0040 0.67 0.9711 313 5.8 1.86
04MT1AD   4.4453 0.0740 0.0014 0.80 0.4863 403 7.6 1.88
04R1AA   7.9392 0.0862 0.1017 1.21 0.6742 565 11 1.91
04EQAA   9.1381 0.0960 0.0232 0.25 1.8750 685 15 2.16
04EQ1AB   10.3221 0.2462 0.0983 0.41 0.0000 309 6 1.99
04EQ1AC   37.5488 0.7405 0.1033 0.14 0.0000 392 8 2.08
04SC1AA   3.6404 0.0092 0.0313 3.48 0.0000 1617 53 3.30

* durango apatite used as a standard  
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Apatite corrected age data 
sample 
name 

mass 
(ug) 

mwar 
(um) 

U ppm Th ppm 4He (nmol/g) HAC corrected age (Ma) Error 2σ (Ma) 

DURMM* - - - - - 1.000 31.1 1.86
DURLM*   - - - - - 1.000 32.7 1.96
DURAJB*   - - - - - 1.000 31.9 1.91
YDUR81*   - - - - - 1.000 32.0 1.92
YDUR82*   - - - - - 1.000 31.5 1.89
04GF1a   0.83 29 33.0 24.4 50.958 0.581 402 24.12
04GF1AB   4.90 57 6.6 1.8 3.751 0.768 128 7.66
04GF1AC   7.39 59 10.3 6.3 15.104 0.782 298 17.87
04SG1a   1.71 37 47.4 44.2 395.444 0.660 1725 103.48
04SG1AB   2.30 51 107.1 91.0 241.386 0.721 470 28.19
04SG1AC   1.69 38 40.5 41.3 262.330 0.663 1353 81.19
04SH1AB   1.83 43 19.4 25.6 53.816 0.684 553 33.18
04SH1AC   3.07 52 16.9 30.2 34.022 0.732 352 21.11
04MT1a   3.41 44 53.3 36.7 53.601 0.717 220 13.18
04MT1AB   2.70 53 11.0 5.2 18.353 0.734 366 21.96
04MT1AC   8.74 79 25.9 16.8 51.984 0.815 383 23.00
04MT1AD   5.00 58 14.8 11.5 39.698 0.767 526 31.54
04R1AA   1.61 43 53.5 63.1 219.737 0.681 830 49.79
04EQAA   3.72 53 25.8 6.2 109.525 0.750 912 54.75
04EQ1AB   11.25 76 21.9 8.7 40.944 0.821 376 22.56
04EQ1AC   16.11 95 46.0 6.4 103.984 0.849 462 27.71
04SC1AA   1.98 48 4.7 15.8 82.109 0.696 2323 139.37
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Zircon raw Age Data 
sample 
name  ncc 4He

ng U ng Th Th/U (atomic) ng 
Sm 

raw age (Ma) raw age ± (Ma) % err on raw 

FCTLM* 14.9916  4.6227 2.7588 0.61 0 23.5 0.5 2.00
FCTAJB*   9.5354 3.0058 1.7271 0.59 0 23.1 0.4 1.83
FCTZAR*   2.6883 1.0078 0.0179 0.52 0 19.7 0.5 2.42
04SC1zA   179.6212 2.0325 0.5322 0.27 0 649 13 2.07
04SC1zB   933.8821 10.3747 2.7722 0.27 0 659 51 7.71
04RF1zA   159.6091 1.3499 1.0823 0.82 0 770 15 1.94
04RF1zB   399.7715 4.4675 5.0952 1.17 0 557 10 1.83
04MT1zA   689.3539 9.4155 2.3079 0.25 0 545 12
04MT1zB   716.9205 10.9257 2.4646 0.23 0 493 43 2.17
04MT1zC   120.6619 4.8089 0.0925 1.92 0 193 4 8.77
04MT1zD   632.8947 22.6431 0.4346 1.92 0 217 5 2.07
04MT1zE   157.4128 6.4461 0.1234 1.91 0 190 4 2.09
04MT1zF   298.4595 7.0669 0.1377 1.95 0 329 7 2.08
04R1zA   184.6727 3.9093 0.0698 0.26 0 357 7 2.16
04R1zB   400.7478 5.9240 0.1048 0.31 0 500 10 1.97
04SG1zA   0.0032 0.0105 0.0009 1.91 0 2 0 2.04
04SG1zB   172.0182 16.8893 0.3829 0.69 0 72 2 17.03
04SH1zA  15.37706 10.57587663 2.384537104 0.056954773 0 11.42400124 0.229046311 2.21
04SH1zB  441.3907 15.19593915 3.173902993 0.083449501 0 224.6415222 4.62639077 2.004956983
04EQ1zA  116.3726 3.50851951 0.911180696 0.03394556 0 252.9808818 5.234271147 2.059454871
04EQ1zB  131.8761 4.460398842 1.297762438 0.035381722 0 224.5497906 5.986373158 2.069038225
04EQ1zC  30.14573 4.096419878 1.125383171 0.034686747 0 56.95255186 1.078646921 2.665944663
04EQ1zD  8.215858 2.204581931 0.423876197 0.010471232 0 29.45357019 0.830553763 1.893939578
04EQ1zE  23.43714 4.283330558 1.356812884 0.038082269 0 42.01031983 1.058612639 2.819874663
04EQ1zF  202.5319 6.177440436 2.710226217 0.450102231 0 240.8450235 4.639075039 2.519887121
04GF1zA  229.0700 2.66656207 0.952494632 0.024350042 0 619.8129137 18.41202179 1.926166035
04GF1zB  502.7060 5.575738587 2.282512873 0.059285784 0 642.0953164 12.73865138 2.970577311
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Zircon corrected age data 

sample 
name 

mass  
(ug) 

mwar 
(um) 

U ppm Th ppm 4He (nmol/g) HAC corrected 
age (Ma) 

Error 2σ (Ma) 

FCTLM* 8.27 49 559.03 333.63 80.886 0.792 29.6 2.4
FCTAJB*   12.08 61 248.74 142.92 35.205 0.826 27.9 2.2
FCTZAR*   2.52 35 400.29 201.15 47.640 0.716 27.5 2.2
04SC1zA   4.82 47 421.83 110.46 1663.194 0.769 843 67
04SC1zB   24.99 71 415.12 110.92 1667.152 0.857 769 62
04RF1zA   16.07 64 84.00 67.35 443.114 0.832 925 74
04RF1zB   28.82 72 155.02 176.80 618.897 0.858 650 52
04MT1zA   25.99 67 362.25 88.80 1183.305 0.854 638 51
04MT1zB   31.60 68 345.70 77.98 1012.075 0.859 574 46
04MT1zC   4.91 45 979.55 251.70 4.389 1096.578 249 20
04MT1zD   30.63 80 739.21 140.59 3.690 921.825 250 20
04MT1zE   6.62 49 974.31 197.01 4.249 1061.514 240 19
04MT1zF   12.45 54 567.66 75.48 4.281 1069.625 401 32
04R1zA   5.96 42 656.19 167.20 1382.979 0.770 464 37
04R1zB   10.22 51 579.77 174.33 1749.818 0.807 619 50
04SG1zA   5.67 44 1.85 3.44 0.025 0.765 2.26 0.18
04SG1zB   9.72 55 1738.25 1170.55 789.875 0.811 89.2 7.1
04SH1zA   10.46260 49.5 1010.826042 227.9104 65.57197822 0.805033166 14.2 1.1
04SH1zB   17.21283 56 882.8262048 184.3917 1144.078157 0.829778115 271 22
04EQ1zA   4.489485 41 781.4971004 202.9588 1156.482491 0.752416638 336 27
04EQ1zB   5.962888 41.5 748.0265048 217.6399 986.7210212 0.770261457 292 23
04EQ1zC   4.58045 36.25 894.3269501 245.6927 293.631453 0.744044705 76.5 6
04EQ1zD   2.546184 31 865.8375208 166.4751 143.962005 0.700888426 42.0 3
04EQ1zE   3.868293 34.5 1107.292077 350.7523 270.3149595 0.731344849 57.4 5
04EQ1zF   9.550483 42.5 646.8196746 283.779 946.1347812 0.783836596 307 25
04GF1zA   10.77658 56 247.440346 88.38557 948.3571953 0.817825958 758 61
04GF1zB   21.92822 63.25 254.2722494 104.0902 1022.811242 0.844516071 760 61
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