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ABSTRACT

Mountain topography creates variations in water-table elevation that drive groundwater
flow. Consequently, advective heat transport by topography-driven fluid flow can modify the
crustal thermal field and bias exhumation rates calculated from thermochronometer data.
Although previous studies have considered the thermal effects of fluid flow, none has quan-
tified the influence on thermochronometer ages. We use a steady-state three-dimensional
coupled hydraulic thermokinematic finite-element model to simulate the influence of fluid
flow on exhumation rates derived from thermochronometer data in the Nepalese Himalaya.
Local hot springs suggest substantial heat transport by fluid flow and are adjacent to apatite
fission-track samples. Model hydraulic conductivity controls the rate of fluid flow, and values
characteristic of fractured rock (>>10~ m/s) yield a fluid advection—-dominated thermal field.
Hydraulic conductivity is estimated by minimizing the misfit between predicted and observed
hot spring thermal power. The best-fit hydraulic conductivity value of ~5 x 10”7 m/s produces
a fluid advection—-dominated thermal field and older predicted apatite fission-track ages. To fit
the observed age-elevation relationship, model-predicted ages require denudation rates that
are ~5 mm/yr, ~200% higher than predictions from thermal models that do not simulate fluid
flow. Thus, true exhumation rates can be substantially underestimated in orogenic systems

where fluid advection is significant.
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INTRODUCTION

Surface heat-flow studies suggest that advec-
tive heat transport by groundwater flow perturbs
the background conductive thermal state of
the crust (e.g., Van Orstrand, 1934). Mountain
topography produces differences in hydraulic
head (e.g., Hubbert, 1940), driving groundwater
flow that captures heat from the surrounding
bedrock. The water then returns to the surface
as warm springs within valleys and modifies the
crustal thermal field (Fig. 1). Previous two- and
three-dimensional (2-D, 3-D) thermokinematic
modeling studies have shown how denudation,
surface topography, exhumation trajectory, and
topographic evolution affect the subsurface
thermal field and predicted mineral cooling ages
(Stiiwe et al., 1994; Mancktelow and Grase-
mann, 1997; Ehlers and Farley, 2003; Braun and
van der Beek, 2004). Furthermore, 2-D coupled
hydrologic-thermal models show modification
of the crustal thermal field by topography-driven
fluid flow (Smith and Chapman, 1983; Forster
and Smith, 1989; Person and Garven, 1994). As
noted by Ehlers (2005) and Dempster and Per-
sano (2006), the influence of topography-driven
fluid flow on thermochronometer data is seldom
considered and poorly quantified.

This work complements previous studies
by quantifying the thermal effect of fluid flow
on the exhumation histories determined from
low-temperature thermochronometer data. We
present results from a 3-D coupled hydrologic,
thermal, and kinematic model used to predict

mineral cooling ages as a function of advective
and conductive heat transfer, topography, exhu-
mation rate, and material properties. Predicted
apatite fission-track (AFT) ages and hot spring
thermal power are compared to observed values
from the Marsyandi drainage in central Nepal
(Evans et al., 2004; Blythe et al., 2007).

NEPALESE HIMALAYAN GEOLOGY,
FLUID FLOW, AND COOLING AGES
Indo-Tibetan convergence in the Nepalese
Himalaya during late Miocene—Holocene time
is thought to occur dominantly on two major
thrusts, the Main Frontal thrust (MFT) and
Main Central thrust (MCT) (e.g., Lavé and
Avouac, 2000; Hodges et al., 2004), which
separate lithostratigraphic units with different
hydro-thermo-physical properties. Fractured
igneous and upper amphibolite facies metamor-
phic rocks of the Greater Himalayan Sequence
(GHS) are in the hanging wall of the MCT,
structurally overlain by the sedimentary rocks
of the Tibetan Sequence. Lower grade meta-
sedimentary rocks of the Lesser Himalayan
Sequence (LHS) are in the MCT footwall,
and the crystalline Indian shield is subducted
beneath the Himalaya (e.g., Gansser, 1964).
Evans et al. (2004) compiled a map of hot
spring locations within the GHS and LHS in cen-
tral Nepal, including four springs located within
the Marsyandi River valley (Fig. 2). They noted,
however, that there may be many unmapped
hot springs within the area, including the Nyadi
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River valley within our study area. They used a
geochemical tracer (Ge concentrations) to cal-
culate hot spring input to the Marsyandi River,
finding a total hot spring discharge of 330 L/s,
or 0.16% of the Marsyandi River discharge
[see the GSA Data Repository' and Evans et al.
(2004) for calculation details]. The high aver-
age spring temperature (~51 °C) reflects heat
advected from the surrounding rock.

Mapped hot springs in the Marsyandi River
valley are adjacent to AFT samples and may
have affected their cooling history (Hunting-
ton et al., 2006; Blythe et al., 2007). AFT ages
reflect the time since cooling below an effective
closure temperature of ~100-140 °C for cool-
ing rates of 2-100 °C/m.y. (e.g., Ketcham et al.,
1999). This study focuses on a subset of nine
samples along a vertical transect to Nagi Lek
peak (Fig. 2). AFT ages range from ca. 0.5 to
1.6 Ma over ~3 km of elevation, and the steep
slope of the data regression line reflects rapid
exhumation. Previous thermokinematic mod-
els (without fluid flow) of Whipp et al. (2007),
using the AFT data of Blythe et al. (2007), con-
strained the denudation rates in this region to
1.8-5.0 mm/yr over the past ~3 m.y.

NUMERICAL MODEL

Thermochronometer data are sensitive to the
thermal effects of faulting, denudation, topog-
raphy, and groundwater flow (e.g., see review
in Ehlers, 2005). To address these complexi-
ties, we use the 3-D coupled thermokinematic
finite-element model of Whipp et al. (2007)
with the addition of a coupled hydrologic model
(see approach of Kohl et al., 2001). The model
free parameters are the fault kinematics and
hydraulic conductivity (K). The model domain
is 84 x 140 x 50 km and large enough to pre-
vent the boundary conditions from biasing the
fluid flow and predicted ages. The upper surface
is derived from a 250 m digital elevation model.
The coupled hydraulic thermokinematic model
generates a steady-state thermal solution for this
crustal block. A steady-state calculation is used
because previous studies have shown that rapidly
eroding regions will reach 90% of steady state
at AFT closure depths in <5 m.y. (e.g., Stiiwe

!GSA Data Repository item 2007204, numerical
model setup and thermal power calculations, is avail-
able online at www.geosociety.org/pubs/ft2007.htm,
or on request from editing @ geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO
80301, USA.
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Figure 1. Schematic topographic cross sec-
tions showing thermal effects of topography
and groundwater flow. Surface topography
(thick black line) affects the position of iso-
therms (thin black lines) and the thermal
history recorded in rock samples (white cir-
cles) cooling through closure temperatures
Te,—Tc,. Insets show distribution of sample
ages as function of elevation. A: Thermal
field is dominated by erosional advection
and heat conduction, and sample ages plot
in a straight line on the inset plot. B: Gravity
and lateral pressure gradients drive ground-
water flow from high to low elevation, lead-
ing to heat transfer by fluid advection. This
process perturbs closure temperature iso-
therms, and generates ages that are older
and follow curved age-elevation trends.

et al., 1994). Particles coincident with the sample
locations are tracked through the model to pro-
duce time-temperature histories and predict AFT
ages using a cooling-rate—dependent age predic-
tion algorithm. We conducted 50 simulations to
explore the influence of K and fault kinematics on
thermochronometer ages. Details on the numeri-
cal model and figures illustrating the model
domain and fluid flow pathways can be found in
the GSA Data Repository (see footnote 1).

The thermokinematic model simulates ero-
sional exhumation of material carried by the
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Figure 2. Shaded relief digital elevation model (DEM) of study region in central Nepal with
thermochronometer samples, hot spring locations, and major lithostratigraphic units. Apa-
tite fission-track samples (AFT, white circles) are located along Nagi Lek ridge, between
Marsyandi and Nyadi Rivers, and adjacent to mapped hot spring locations (white stars).
Note that the lack of mapped hot springs in the Nyadi River valley does not preclude their
existence. Major thrust fault in the study area (MCT, Main Central thrust) separates Greater
Himalayan sequence (GHS) from Lesser Himalayan sequence (LHS). GHS formation I is pre-
dominantly biotite-muscovite gneiss, formation Il is mainly calc-silicate gneiss, and the map
section of LHS is dominantly schists and phyllites. DEM is 250 m resolution resampled from
90 m U.S. Defense Mapping Agency data. Lithostratigraphic units and faults are from Searle
and Godin (2003) and Colchen et al. (1986). Outer plot: sample ages with 2¢ uncertainties as
function of elevation with weighted regression line through the data.

MFT and MCT. The MFT and MCT are active
at overthrusting rates of 2-8 and 1-4 mm/yr,
respectively, generating denudation rates
of 1.3-5.0 mm/yr (Whipp et al., 2007). The
remainder of the 20 mm/yr of Indo-Tibetan
convergence is accommodated by subduction
of the Indian shield (e.g., Larson et al., 1999).
The model topography is in steady state, which
is the simplest assumption because the AFT
data are likely most sensitive to variations in
the short-wavelength mountain-valley topog-
raphy dictated by the river locations, thought
to have followed similar paths for several mil-
lion years (e.g., Gupta, 1997). Although relief
may have changed, we have no clear data on
relief changes.

Hydraulic conductivity is the free parameter
in the hydrologic model and controls the rate
of fluid flow. The water-table elevation drives
fluid flow and is set to mimic topography as an
approximation of the true water-table geometry.
K decreases quasi-exponentially with depth
from sequence-specific maxima, following the
permeability trend observed in borehole measure-
ments in crystalline rock. K is fixed at 10> m/s
below the approximate brittle-ductile transition,
as suggested by studies of geothermal data and
metamorphic systems (Ingebritsen and Man-

ning, 1999, and references therein). K is recal-
culated in each model time step to account for
pressure- and temperature-dependent fluid den-
sity, and temperature-dependent fluid viscos-
ity (Phillips et al., 1981; Smith and Chapman,
1983). We recognize that smaller-scale varia-
tions in K may exist with lithology or in fault
zones, and that localized areas with very high K
may have significant thermal effects. However,
we do not model this behavior because only
some of the observed hot springs are coincident
with mapped fault traces (Fig. 2), spring loca-
tions vary over much shorter time scales than
our cooling ages integrate, and the stress state
and mineral precipitation in fault zones can both
increase and decrease K (Hickman et al., 1995).

RESULTS AND DISCUSSION

We focus on three important questions related
to groundwater flow and thermochronometer
ages. (1) What is the threshold K value above
which fluid flow modifies thermochronometer
ages beyond typical sample uncertainties? (2)
How can hot spring thermal power measure-
ments be used to quantify K? (3) How much
does fluid flow influence interpreted exhumation
rates relative to commonly used thermal mod-
els that ignore groundwater flow? We address
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each of these questions by presenting results for
a subset of simulations. Note that our use of a
steady-state thermal solution likely produces the
maximum effect of groundwater flow.

First, we explored the range of K values in
the GHS representative of fractured metamor-
phic rock to unfractured crystalline rock (10~
and 1072 m/s; Freeze and Cherry, 1979, p. 29).
These simulations used a constant denudation
rate of 2.5 mm/yr and K was the only model
free parameter. K has a strong influence on
the thermal field because increased downward
fluid flow depresses the near-surface isotherms,
counteracting the effects of erosional heat
advection (Fig. 3A). At K values of ~107"2 m/s,
erosional advection and heat conduction domi-
nate advective heat transport by fluid flow,
whereas for K values of ~5 x 107 m/s, fluid-
driven advection becomes the principal heat
transfer process modifying the thermal field. A
K value of ~10~° m/s marks the threshold value,
above which fluid advection dominates, and
below which erosional advection and conduc-
tion dominate the thermal field (see also Forster
and Smith, 1989). A vertical temperature pro-
file in the middle of the Nagi Lek ridge shows
a temperature difference of ~75 °C at —10 km
depth for high K values (Fig. 3A); the differ-
ence decreases to <5 °C at —50 km depth. Thus,
in models dominated by fluid-advective heat
transfer, low-temperature thermochronometer
samples would travel longer distances from
their closure isotherms to the surface, generat-
ing older predicted ages (Fig. 3B). For example,
the predicted AFT ages in the fluid-advective
models increase by ~1.8 m.y. relative to the non-
fluid-advective models. The fluid-advective-
model-predicted ages also have a shallower
slope on an age versus elevation plot and pro-
vide a poor fit to the observed AFT data.

Second, we compare the modeled and
observed thermal power of fluids in the Marsyandi
River catchment to determine the range of K
values applicable to the study area. Thermal
power provides a means for quantifying advec-
tive heat transport by groundwater flow. Thermal
power of the Marsyandi hot springs is calculated
following the method outlined by Ehlers and
Chapman (1999). We use data collected from
four hot springs in the Marsyandi River valley
(Tables 2 and 6 of Evans et al., 2004). Evans
et al. (2004) showed that Ge/Si ratios could be
used to calculate hot spring flux in central Nepal
with a simple end-member mixing equation. The
total observed thermal power for the hot springs
draining into the Marsyandi River is 61.4 + 36.3
MW; the uncertainty reflects the standard devia-
tion of Ge/Si in the measured springs. Predicted
thermal power is calculated from fluids flowing
out of the upper model surface using three dif-
ferent sets of assumptions to quantify the range
of thermal power (see footnote 1).
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The resulting range of predicted thermal power
output shows a strong positive correlation with K
(Fig. 4A). Only models with K values of ~1-8 x
107" m/s have sufficient fluid flow to generate the
observed range of thermal power. Thus, advective
heat transport by fluid flow may be the dominant
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Figure 3. Influence of variable hydraulic con-
ductivity (K) on geothermal gradients and
thermochronometer ages from the Nagi Lek
transect. A: Variation in model temperature
as function of depth for models with K val-
ues that produce thermal fields dominated
by erosional advection and conduction
(erosion, black solid line) and fluid advec-
tion (fluid flow, gray solid line). Threshold
geotherm (threshold, dashed gray line) is
from a model thermal field that is neither
non-fluid advective nor fluid advective. B:
Apatite fission-track data with 26 uncer-
tainties (white circles) and predicted ages
from non-fluid-advective (black squares),
fluid-advective (black triangles), and thresh-
old (black diamonds) models. Denuda-
tion rate is 2.5 mm/yr for all simulations.
Symbols outlined in gray denote location
of temperature-depth profiles shown in A.
Shallow age-elevation trend and older ages
in B, and depressed geothermal gradient in
A from the fluid-advective model (black tri-
angles, solid gray line), show the effect of
groundwater flow.

heat transfer mechanism in this area. The fluid-
advective model K value (5 x 10”7 m/s) is within
the range constrained by the observed thermal
power (dashed line in Fig. 4A), suggesting that
fluid-advective models should be used to deter-
mine denudation rates from the AFT data.
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Figure 4. Influence of denudation rate and
hydraulic conductivity (K) on thermal power
and thermochronometer ages. A: Model-pre-
dicted thermal power at denudation rate of 2.5
mm/yr as function of K calculated from mod-
els using fluid fluxes from the entire model
domain with assumed 30° hillslope angle
(blackline with black circles) or only Marsyandi
River drainage basin and zero slope (black
line with black squares). Calculation details
are in GSA Data Repository (see text footnote
1). The observed thermal power (white box)
constrains the model K values; only models
with K value within gray shaded box produce
observed thermal power. B: Observed apatite
fission-track (AFT) ages (white circles) with
20 uncertainties and predicted ages for fluid-
advective models that have denudation rates
of 1.3 (black inverted triangles), 2.5 (black
upright triangles), 3.8 (black diamonds), and
5.0 mm/yr (black squares). Rapid denuda-
tion rates are required for the fluid-advective
model predicted ages to fit the data. Predicted
AFT ages are from model with K=5 x 107" m/s
(dashed gray line in A).
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Third, we investigated the influence of
groundwater flow on interpreted exhumation
rates with a suite of simulations that fixed K at
the fluid-advective value (5 x 1077 m/s) while
varying the denudation rate to fit the observed
cooling ages (Fig. 4B). Groundwater flow leads
to an increase in the interpreted exhumation
rate relative to rates determined from thermal
models that do not include groundwater flow.
For example, the best-fit non-fluid-advective-
model-predicted ages presented in Figure 3B
had a denudation rate of 2.5 mm/yr, but pre-
dicted ages from a fluid-advective model (K =
5 x 1077 m/s) produce a poor fit to observed ages
at that denudation rate (Fig. 4B, upright trian-
gles). However, increasing the denudation rate
to 5.0 mm/yr produces a data fit that is as good
as the non-fluid-advective model with a denuda-
tion rate of 2.5 mm/yr (cf. Figs. 3B and 4B).

CONCLUSIONS

In this example from the central Nepal-
ese Himalaya, the thermal-power—constrained
hydraulic conductivity is high and shows that the
denudation rate needed to fit the observed AFT
data must be >200% larger than that calculated
from models that ignore the role of fluid flow.
Note, however, that the magnitude of the effect
of fluid flow may vary spatially depending on
whether valleys or ridges are sampled. This
example has extreme topographic relief, but the
thermal effects of groundwater flow in other oro-
gens with less relief and precipitation may still be
substantial and should be considered (e.g., Saar
and Manga, 2004). Furthermore, the downward
flow of groundwater may counteract the topo-
graphic effects on effective closure isotherms and
yield exhumation rates that are similar to those
calculated from the slope of a linear regression
through the data in an age-elevation plot. Unfor-
tunately, this potential agreement would be mere
coincidence because many of the underlying
assumptions would be invalid, so it is advisable
to utilize numerical models to quantify the domi-
nant influences on the thermal field.
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