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Abstract

The Tennessee River, a primary drainage of the southern Appalachians and significant
sediment source for the Gulf of Mexico, is generally considered to be the product of captures that
rerouted the river from a more direct gulfward course. Sedimentary and genetic evidence
indicate a paleo-Tennessee flowed into the Mobile Basin through the Late Miocene, although
alternate models propose other redirections of the river. We constrain the river course’s age by
dating terraces near Pickwick, Tennessee with cosmogenic 2°Al/!°Be isochron burial dating. We

find that the river’s present path dates to at least the Early Pliocene.

The Tennessee River watershed

The Tennessee River follows an unusually indirect path (Figure 1), turning away from its
eventual outlet in the Gulf of Mexico to flow across more resistant rocks in several locations. In
discussions ranging over a century, these turns have been attributed to ancient antecedent
drainage patterns (e.g., Milici 1968) or recent capture (e.g., Hayes and Campbell 1894). We
provide a minimum age for the present-day course of the Tennessee River by dating a series of
terraces near Pickwick, Tennessee, and extrapolate incision rates to suggest the river was
captured into its northern course away from the Gulf of Mexico by the Early Pliocene.

Flowing from its headwaters in the Blue Ridge Mountains of the southern Appalachians,
where it picks up a distinctive quartzite bedload (Mills and Kaye 2001), the Tennessee River
follows the southwestern strike of the Valley and Ridge for >200 km before turning west and
cutting into the Cumberland Plateau through the meandering 300 m-deep Walden Gorge near

Chattanooga, Tennessee. The river then skirts the Nashville Dome on a topographic surface
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developed atop the resistant Mississippian Fort Payne Chert. It cuts through the Fort Payne
Chert at a ~50 m high knickzone at Muscle Shoals, Alabama that marks its most significant
convexity (Figure 1) and soon encounters weakly consolidated Cretaceous to Paleogene Coastal
Plain sediments in the Mississippi Embayment near Pickwick, Tennessee. Rather than continue
west to the Mississippi River through the more erodible younger rocks, it turns northward and
flows away from the Gulf of Mexico and diametrically opposed to the Mississippi River <200
km to the west. After joining the Ohio River, the river executes a hairpin bend to join the
Mississippi River, ultimately draining to the Gulf of Mexico. Why and when the Tennessee
River turns north at Pickwick instead of cutting across the highly erodible Coastal Plain
sediments remains an open question, primarily due to a lack of datable terraces.

Evidence of a more direct route to the Gulf of Mexico comes from Late Cretaceous to
Eocene fluvial sediments and basin-floor deposits near Mobile, Alabama (Blum et al. 2017), as
well as Grenville (1300-950 Ma) and Appalachian-Ouachita (500-280 Ma) detrital zircon U-Pb
age signatures in terrestrial Miocene outcrops attributed to an ancestral Tennessee River (Xu et
al. 2017). High sedimentation rates near Mobile Bay in the Early Pliocene (Galloway et al.,
2011; Snedden et al., 2018) have been interpreted as evidence for uplift and erosion of the
southern Appalachians (Gallen et al. 2013; Xu et al. 2017); however, various age estimates for
the capture of the Tennessee River to the north range from Eocene to Oligocene (Blum et al.
2017) to Pliocene (Snedden and Galloway, 2019).

Additional evidence for a former connection to the Gulf of Mexico comes from
comparisons of the modern Tennessee River’s aquatic species with those in rivers draining to
Mobile Bay. Hayes and Campbell (1894) first suggested a link based on geomorphic

reconstructions and the distribution of molluscs, though Johnson (1905) pointed out that
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molluscs could have been carried on the feet of birds. More recently, Mayden (1988) and
Hoagstrom et al. (2014) examined the similarities of fish species across the southeastern United
States and found that the Mobile Basin shows among the fewest affinities with other rivers.
They interpreted that the Tennessee River may have once been connected to Mobile Bay, well
prior to the Pleistocene. Near and Keck (2005) used a DNA-based molecular clock from related
darter species in the Tennessee and Mobile systems to estimate that a former connection was
broken at 9.0 + 1.7 Ma. Kozak et al. (2006) dated divergence of salamander species from the
Upper Tennessee River and Mobile Basin to ~4 Ma for the sister clades of Eurycea cirrigera and
E. wilderae, and ~7 Ma for the sister clades of E. junaluska and E. aquatica. Together with the
marked decrease in sediment delivery to Mobile Bay near that time, the genetic evidence points
to separation of the Tennessee River and Mobile Basin in the Late Miocene to Early Pliocene.
The earliest sedimentary evidence for a northward-flowing river comes from the Upland
Complex gravels that are widely distributed across western Kentucky (Potter 1955). The Upland
Complex is likely time-transgressive, but several locations have recently been dated to the
Middle Pliocene or older (Odom et al. 2020). A better constraint on the river’s northward route,
however, comes from a set of well-developed but previously undated terraces near its northward

bend at Pickwick.

Site descriptions

At its northward turn near Pickwick, Tennessee, the Tennessee River departs the
Mississippian limestones and flows across a dissected zone of poorly consolidated Cretaceous to
Paleogene sand and gravel of the Mississippi Embayment. A sequence of terraces has been

carved into the erodible rock (Parks and Russell 1975). Self (2003) mapped these terraces and



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

divided them into five levels, with bases ranging in elevation from 128-213 m above sea level
(asl) (Figure 1).

The highest terrace, Nts, has a strath elevation of 117 m above the bedrock channel and is
the most quartzite-rich deposit, comprised of 84% rounded quartzite clasts. This terrace contains
no chert, indicating that the upstream Fort Payne Chert had not been breached by the time of its
deposition (Self 2003). All of the lower terraces (Nt;i- Nt4) contain abundant chert, indicating
that the Tennessee River began incising through the Fort Payne Chert sometime between the
deposition of Nts and Nts, which has a strath elevation of 87 m above the bedrock channel (Self
2003). The thickness of the terraces varies significantly between different levels; our
observations ranged from 0.5 m in Nts to 6-10 m in the lowest three terraces (Nti- Nt3). Higher
terraces are generally more dissected; examination in the field revealed scant evidence of Nts,
while Nt4 is substantially eroded and insufficiently thick for cosmogenic nuclide burial dating.
We sampled terrace levels Nt;- Nt; for 2°A1/!°Be isochron burial dating. Sample locations are
provided in Table 1. At each site, we collected quartzite cobbles for 2°A1/!°Be burial isochrons

and sand for determination of paleo-erosion rates.

Methods

The isochron burial dating method uses the relative radioactive decay of Al and '°Be in
quartz that was exposed at the ground surface and then buried. For quartz that was originally
derived from a steadily eroding landscape, the 2°Al and '°Be concentrations after burial can be

closely approximated by equation (1):

Pys N10—N1opb -t/
Nao = (£25) Rt e~/Thur 4 N |
26 P10 1+ N1o et/TIO 26,pb ( )

P10T10
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Where N2 and Ny are the respective concentrations of 2Al and '°Be (at/g), P2¢/P1o is the
production rate ratio in the sediment source area, taken as 6.8 (Caffee et al. 2017), Nagpp and
Nio,pb are the respective concentrations of 2Al and '°Be produced after burial (at/g), 126 and 110
are the mean-lives, taken as 1.02 My for 2°Al (Nishiizumi 2004) and 2.005 My for '°Be
(Chmeleff et al. 2010; Korschinek et al. 2010), t is the burial age, and tour = (t26"'-t10™")! (y71).
Solution of equation (1) requires additional knowledge of postburial production rates. Assuming
a constant postburial production rate (P;pb), the ratio P26 pb/P1opb can be obtained from Balco
(2017), here taken as 8.3, to calculate the ratio N2 pb/N10,pb.

Nagpb _ P26 pbTae (1—e~%/726) )

Nigpb  PiopbTio (1—e~%/T10)

A suite of samples collected at the same depth but with different inheritances will form a
gentle curve on a plot of 2°Al vs. !°Be, with slope dependent on the burial age and the intercept
dependent on postburial production. All samples that share a single burial episode should lie
along a single isochron. However, terraces of large rivers or those that are incising into terraces
upstream may have clasts with prior burial histories (Wittmann et al. 2011). These clasts will lie
below the isochron, reflecting their previous burial. Unless such clasts are identified and
removed from the fit, they will increase scatter in the isochron and will bias the result toward an
excessively old age. Reworked clasts can often be identified by significantly lower 2°Al/'°Be
ratios relative to other isochron measurements, which cause them to fall below the line defined
by equation 1.

To identify reworked clasts, we evaluate the isochron fit using the mean squared
weighted deviation (MSWD). Samples with a high weighted deviation are excluded following a
modified Chauvenet’s criterion. If any sample has a weighted deviation of more than two

standard errors (p < 0.05), then the sample with the highest misfit is removed from the isochron.
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This process is repeated until either the MSWD indicates a sufficiently good fit, or until all

samples lie within two standard errors of the isochron.

Results

Burial isochrons for the three terraces yield ages spanning the Pliocene (Figure 2, Tables
1-3). The highest dated terrace, Nt3, with a strath at 168 m and a tread at 179 m, dates to 4.43 +
0.92 Ma (MSWD = 2.0). Below it, the Nt; terrace, with a strath at 154 m and a tread at 166 m,
yields a burial age of 2.83 £ 0.31 Ma (MSWD = 2.4) after excluding one reworked clast. The
lowest dated terrace, Nt; with a strath at 139 m and a tread at 147 m, initially yielded a burial age
0f2.94 £0.16 Ma (MSWD = 4.3) after excluding reworked clast PW4-4. Removal of clast PW4-
18 substantially improves the MSWD and yields a slightly younger age of 2.69 = 0.18 Ma
(MSWD = 3.3), which we prefer. The uncertainties reported above are analytical error only.
Incorporating uncertainties in mean lives (2% for 2°Al and 1% for '°Be) and production rate ratio
(3%) marginally increases overall age uncertainties (4.46 + 0.97 Ma for Nt3, 2.85 + 0.33 Ma for

Nto, and 2.71 £ 0.21 Ma for Nt).

Discussion

Our isochron burial ages for the terraces of the lower Tennessee River provide new
constraints on its course. The 4.43 £ 0.92 Ma age of Ntz demonstrates that the Tennessee River
has flowed north from Pickwick, Tennessee since at least the Early Pliocene. However, the
presence of higher terraces implies a longer history. We can estimate the ages of the higher
terraces by extrapolating the river incision rate. The strath of Nt3 is at 168 m asl, while the strath

of terrace Nt is at 154 m asl; their difference in ages yields an incision rate of 8.8 = 5.4 m/My.
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Assuming a uniform incision rate and extrapolating to the highest terrace Nts implies a possible
age range of 16.5-6.2 Ma (Figure 3). While this age range is highly approximate, it is consistent
with biological evidence for the Tennessee River’s capture to its present configuration in the
Late Miocene. Remarkably, the extrapolated age of the highest terrace agrees closely with the
9.0 £ 1.7 Ma age inferred from DNA dating of vicariance of darters (Near and Keck 2005), and
matches the ~7 Ma age estimated from salamander DNA (Kozak et al. 2006). Deep water basin
fan sedimentation records favor a slightly younger redirection of the Tennessee River, likely
during the Early Pliocene (Snedden and Galloway, 2019). Taken together, the faunal and
sedimentary data provide independent evidence for redirection sometime during the Late
Miocene to Early Pliocene.

The history of incision and aggradation following deposition of the Nt; terrace remains
undated. The bedrock valley of the Tennessee River is presently filled with ~15 m of sediment
deposited after the local ‘deep stage,” when the river incised to its deepest level. Future work
dating the valley fill could clarify the timing of deep stage incision and subsequent aggradation.
Cosmogenic 2°Al/!°Be burial dating of cave sediments along the Cumberland and Green Rivers,
which also drain to the lower Ohio River, has shown rapid entrenchment near 2.0 and 1.5 Ma,
respectively, followed by regional aggradation near 0.8 Ma (Granger et al. 2001; Anthony and
Granger 2006). The lower Tennessee River likely responded similarly, with deep stage incision
in the Early Pleistocene and aggradation associated with the Middle Pleistocene transition. In
contrast to regional incision on these other rivers, however, any Pleistocene incision pulse on the
Tennessee River has not propagated upstream of the resistant Muscle Shoals knickpoint.
Consequently, the Tennessee River has few terraces upstream of its major knickpoint and its

caves show no evidence of rapid base level lowering.
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If the Tennessee River flowed directly to the Gulf of Mexico until at least the Late
Miocene, where was the capture point? One commonly proposed capture point is where the river
exits the Valley and Ridge at Walden Gorge. Hayes and Campbell (1894) proposed that the
paleo-Tennessee River had previously continued down strike, flowing southwestward from
Chattanooga via the Coosa River (Figure 1). Recent geomorphic modeling by Gallen (2018)
rejuvenated this hypothesis by showing that knickzones in the upper Tennessee River basin are
consistent with a pulse of incision driven by capture at Walden Gorge in the Miocene. However,
there are no known gravels in the area of the proposed Coosa-Tennessee linkage (Mills et al.
2005; Persons 2010). Based on the distribution of vein quartz pebbles in Cretaceous
conglomerates, which would have been sourced from the Appalachian Mountains, Adams (1928)
suggested that the Tennessee River has flowed west across Walden Ridge since the Cretaceous
and that the meandering gorge was superposed from that time.

Another possible drainage capture point is where the Tennessee River turns north at
Pickwick, Tennessee, to follow the strike of the Cretaceous sediments. Self (2003) mapped
quartz gravels and hypothesized that the Tennessee River continued west to the Mississippi
River through the Hatchie River valley until the Late Miocene-Early Pliocene, although the
quartz could have been reworked from Cretaceous gravels in the watershed (Parks 1992), and a
course through the Hatchie River would not connect to Mobile Bay. Mills and Kaye (2001)
found several areas with scattered high-level quartz pebbles indicating possible connections
between the Tennessee River and the Mobile Basin, notably along the Sipsey, Black Warrior,
and Tombigbee Rivers, but there is little clear evidence of a major channel, and the Tombigbee
gravels are reworked from Cretaceous deposits (Russell and Schmitz 2003). Alternatively,

Starnes and Etnier (1986) contend that species exchange could reflect local headwater captures,
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and that no major connections existed between the Tennessee and Mobile River basins. Given
the poor preservation of fluvial deposits (Mills and Kaye 2001), the location of the former

connection remains ambiguous.

CONCLUSIONS

The course of the Tennessee River exerted primary controls on fan deposition in the Gulf
of Mexico, faunal distribution, landscape evolution, and sediment transport in the southern
Appalachian Mountains throughout the Neogene. Previous reconstructions of the river’s history
have been difficult to test due to limited age control. Our 2°A1/!°Be isochron ages for the terraces
near Pickwick, Tennessee show that the river has existed in its modern configuration since at
least the Early Pliocene, consistent with DNA evidence for darter and salamander vicariance
(Near and Keck 2005; Kozak et al. 2006) and reduced sediment delivery to the Gulf of Mexico in

the Early Pliocene (Snedden and Galloway, 2019).
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were not included in age calculations. Dashed lines represent 16 uncertainty. (A) The burial
isochron for Nt3 has no reworked clasts and yields an age of 4.43 £ 0.92 Ma (MSWD = 2.0). (B)
The burial isochron for Nt; has one reworked clast, QFL4-7, that features a significantly lower
26A1/'°Be ratio than other samples. It yields an age of 2.83 + 0.31 Ma (MSWD = 2.4). (C) The
burial isochron for Nt; has at least one reworked clast, PW4-4, and yields an age of 2.94 + 0.16
Ma (MSWD =4.3) upon removal of the clast (gray isochron line). It is likely that a second clast,
PW4-18, is also reworked. Removal of this clast yields a preferred age of 2.69 + 0.18 Ma

(MSWD = 3.3), as shown by the black isochron line.
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Table 1

Locations of isochrons and calculated burial ages with analytical uncertainties.

Terrace Location Strath (m) Tread (m)  Elev (m) m abr Age (Ma) MSWD "Bepos (10°at/g)
Nt; 35.0908°N, 88.2592°W 139 147 144 48 2.69+0.18 33 0.0303 £ 0.0068
Nt, 35.0201°N, 88.3457°W 154 166 160 64 2.83+0.31 2.4 0.0390 £0.0117
Nt; 35.0146°N, 88.2442°W 168 179 170 74 4.43+0.92 2.0 0.0643 £0.0142

Note. — Terrace level elevations (m abr) refer to site elevation above the bedrock channel of the

Tennessee River, while elev (m) refers to elevation of sampled location above sea level.
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Table 2

Sample masses and blank-corrected 2°Al/!°Be data.

Terrace Sample [2°Al] (10° at/g) ['°Be] (10° at/g) 2A1/'°Be Min. age (Ma) Paleo-E (m/My)
Nt; PW4-1 0.2512 £0.0150 0.0776 + 0.0057 3.24+0.31 1.50+0.16 -
Nt; PW4-2 0.4352+£0.0178 0.1792 £ 0.0047 243+0.12 2.04+0.10 -
Nt PW4-3 0.2841 £0.0150 0.0970 £ 0.0048 2.93+0.21 1.70+0.14 -
Nt; PW4-4 0.2674 £0.0116 0.1380 + 0.0066 1.94+0.12 2.52+0.13 -
Nt; PW4-5 0.3102 £0.0164 0.1281 £ 0.0076 242+0.19 2.08+0.15 -
Nt PW4-13 0.6746 £ 0.0491 0.3704 £0.0123 1.82£0.15 2.49+0.14 -
Nt; PW4-18 0.4878 +£0.0357 0.2809 + 0.0070 1.74+£0.13 2.63+£0.15 -
Nt; PW4-S 0.5699 +0.0351 0.2078 £ 0.0077 2.74 +0.20 1.78+0.14 5.4 "5,
Nt, QFl4-1 0.3127 £0.0189 0.1131 £ 0.0066 2.76 £0.23 1.82+0.15 -
Nt QF14-3 0.5874 +£0.0292 0.2616 +£0.0106 2.25+0.14 2.15+0.12 -
Nt, QFl4-4 0.3850 + 0.0295 0.1177 £0.0088 3.27+0.35 1.48+0.23 -
Nt, QFL4-6 0.4990 + 0.0341 0.2469 +0.0183 2.02+0.20 2.39+0.19 -
Nt QFL4-7 0.3077 £0.0156 0.6193 £0.0123 0.50+0.03 4.51+0.08 -
Nt, QFL4-S 0.4389 £0.0211 0.1693 + 0.0040 2.59+0.14 1.91+0.11 7.0 39 55
Nt; PWI-1 0.4381 £0.0381 0.2121 £0.0100 2.07+0.20 2.37+0.23 -
Nt; PW1-2 0.4462 +0.0388 0.1771 £0.0077 2.52+0.24 1.98+0.23 -
Nt; PWI1-3 0.3398 £0.0510 0.0840 + 0.0087 4.05+0.74 1.13+0.34 -
Nt; PWI1-4 0.5146 + 0.0642 0.2666 + 0.0209 1.93+0.28 2.44+0.29 -
Nt; PWI-10 0.3746 £0.0313 0.2098 £ 0.0163 1.79+0.20 2.60+0.23 -
Nt; PWI1-S 0.3854 £0.0179 0.1482 +0.0040 2.60+0.14 1.92+0.10 5.5 40

15



289 Table 3
290 Accelerator mass spectrometry data for all measured samples.

Sample ID Mass (g)  Becarrier (ug)  '"Be/Be (10°)  Total Al (ug)  2°AlZ7Al (10°1%)
PW4-1 16.954 266.9 81.95 +3.67 986 194.47 +10.74
PW4-2 41.443 268.1 422.86 £9.07 1009 802.13 +31.93
PW4-3 33.432 268.5 188.89 = 7.21 874 488.19 +24.80
PW4-4 32.207 270.0 25437 +9.94 875 44176 + 18.22
PW4-5 22.526 268.4 169.02 +7.74 1083 289.72 + 14.54

WO_BLANKO - 269.3 8.10+1.77 1010 0.84 = 0.81
PWI-1 10.83 268.6 129.71 £ 5.60 1211 178.01 + 13.66
PWI1-2 8.202 253.5 87.60 +3.28 1077 155.14 = 11.47
PW1-3 4.511 267.8 2290+ 1.78 1254 57.19 +6.68
PW1-4 2.962 265.7 46.23 £3.07 1106 64.52+5.97

PW4-18 16.135 267.6 255.19 £ 5.86 1270 280.14 + 18.81
PWI-S 29.716 267.0 248.64 £ 6.23 2743 188.18 + 8.00
PW4-S 11.906 269.8 138.92 +4.69 1307 234.87+12.85

WO_BLANK3 - 270.1 1.72 +0.41 1045 2.92+1.84
QFLA4-1 18.232 268.0 115.94 +6.13 1222 209.11 +12.63
QFL4-3 14.893 267.1 219.01 = 8.24 1319 297.07 + 14.76
QFL4-4 9.277 267.6 61.83 +3.95 1236 129.46 £9.91

WO_BLANKI10 - 267.0 0.76 = 0.60 1067 0.00+0.51

PWI1-10 5.519 266.3 66.50 + 4.41 1026 91.51+6.11
PW4-13 13.241 263.2 280.34 £ 8.59 1082 371.12+25.53
QFL4-6 9.861 269.3 136.72 £9.37 1344 164.94 +10.12
QFL4-7 19.76 262.4 699.33 + 13.16 1815 150.80 £ 6.77
QFL4-SAND 35.012 268.2 332,18 £7.24 3437 200.69 +9.21

WO_BLANKI1 - 266.3 1.43 +0.65 1138 1.13+1.30

291  Note. — All batches are grouped with their respective Al/Be blanks.
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