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Abstract

Because helium and heat production results from a common source, a continental 4He crustal flux of 4.65*10�14 mol m�2

s�1 has been estimated based on heat flow considerations. In addition, because the observed mantle He /heat flux ratio at the

proximity of mid-ocean ridges (6.6*10�14 mol J�1) is significantly lower than the radiogenic production ratio (1.5*10�12 mol

J�1), the presence of a terrestrial helium–heat imbalance was suggested. The latter could be explained by the presence of a

layered mantle in which removal of He is impeded from the lower mantle [R.K. O’Nions, E.R. Oxburgh. Heat and helium in the

Earth, Nature 306 (1983) 429–431; E.R. Oxburgh, R.K. O’Nions, Helium loss, tectonics, and the terrestrial heat budget, Science

237 (1987) 1583–1588]. van Keken et al. [P.E. van Keken, C.J. Ballentine, D. Porcelli, A dynamical investigation of the heat

and helium imbalance, Earth Planet. Sci. Lett. 188 (2001) 421–434] have recently claimed that the helium–heat imbalance

remains a robust observation. Such conclusions, however, were reached under the assumption that a steady-state regime was in

place for both tracers and that their transport properties are similar at least in the upper portion of the crust. Here, through 2-D

simulations of groundwater flow, heat transfer and 4He transport carried out simultaneously in the Carrizo aquifer and

surrounding formations in southwest Texas, we assess the legitimacy of earlier assumptions. Specifically, we show that the

driving transport mechanisms for He and heat are of a fundamentally different nature for a high range of permeabilities

(kV10�16 m2) found in metamorphic and volcanic rocks at all depths in the crust. The assumption that transport properties for

these two tracers are similar in the crust is thus unsound. We also show that total 4He /heat flux ratios lower than radiogenic

production ratios do not reflect a He deficit in the crust or mantle original reservoir. Instead, they reflect the combined impact of

air saturated water (ASW), advection, conduction, and diffusion when steady-state is reached for both tracers. We thus argue

that the observed low mantle He /heat flux ratio in the oceans might be, at least partially, the result of processes occurring in the

oceanic crust similar to those occurring in the continental crust, rather than deeper into the mantle.
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Our simulations also indicate that in order for both heat and He to be in steady-state in recently formed crust, the presence of

an advective dominated regime is required (kz10�16 m2). Under these conditions, only in total absence of contact with ASW

(e.g., an atmospheric component provided by freshwater or seawater) is the total 4He /heat flux ratio expected to equal the

radiogenic production ratio. Lower 4He /heat fluxes in an advective dominated regime require the incorporation of an ASW

component. We argue that the observed low ocean mantle 4He /heat flux results, at least partially, from sea water incorporation

within mid-ocean ridge basalts. Our simulations also suggest that 4He transport is in transient state in recently formed crust for

permeabilities V10�17 m2. Under these conditions, low to very low mantle He excesses and thus total He /heat fluxes of up to

several orders of magnitude lower than the radiogenic production ratios are expected.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The study of helium isotopes and heat flow offers

a powerful tool to investigate a diversity of pro-

blems, from the deep Earth’s interior to its surface,

as well as the evolution of the atmosphere [4,5].

Among its numerous applications, the study of

these two distinct tracers in large-scale groundwater

systems can enhance our understanding of both

groundwater flow [6–9], and crust and mantle dy-

namics through quantification of helium and heat

fluxes [1,2,10–12].

He concentrations in groundwaters usually exceed

those expected for water in solubility equilibrium with

the atmosphere (ASW). With the exception of very

shallow aquifers or recharge areas, the observed He

excesses result from two main sources: a) U and Th

decay in addition to 6Li(n,a) 3H(3He) reaction giving

origin to crustally produced (in-situ and deep crust)

radiogenic 4He and nucleogenic 3He, respectively; b)

mantle contributions to both 3He and 4He. Similarly,

in old Precambrian regions, two components of heat

flow are present: a) a radiogenic (crustal) component

resulting from U, Th (~85%), and K (~15%) decay,

and; b) a background component which originates in

the mantle. In Cenozoic terrains, a cooling component

might also be present [4].

Because helium and heat production results from a

common source, a continental 4He crustal flux of

4.65*10�14 mol m�2 s�1 could be estimated [1]

using an estimated U content derived from continental

radiogenic heat flow. Such calculation was performed

under the assumption that a steady-state regime was in

place for both tracers and that their transport properties

are similar at least in the upper portion of the crust. In
addition, based on the observed low mantle He /heat

flux (6.6*10�14 mol J�1) at the proximity of mid-

ocean ridges, it was concluded [1,2] that the amount of

U and Th required to support the oceanic radiogenic

He flux would only provide ~5% of the mantle heat

flux. The latter is based on the presence of an oceanic

crust strongly depleted in He, in addition to assump-

tions previously made for the continental crust. To

account for this bhelium–heat imbalanceQ, the presence
of a layered mantle was suggested in which removal of

He is impeded from the lower mantle from which most

of the heat lost through ocean basins would originate

[1,2]. The terrestrial bhelium–heat imbalanceQ problem
remains unresolved at present (see, e.g., Anderson

[13], van Keken et al. [3], Albarède [14], Anderson

[15]).

In the last two decades, numerical simulations have

become important tools to test conceptual basin-scale

models of fluid migration, heat flow and reactive

chemical transport [16–18]. Traditionally, such simu-

lations were aimed at unraveling the evolution of

sedimentary basins, as well as hydrocarbon and min-

eral deposits generation and migration. More recently,

basin-scale numerical simulations of coupled water

flow and He transport were conducted [10,11].

These were aimed at improving our understanding

of both water dynamics and He transport in these

regional systems, in addition to quantifying the mag-

nitude of the crustal He flux. Specifically, the magni-

tude of the crustal 4He flux determined underneath the

Paris Basin [11] was found to be a factor of ~3 times

greater than the 4He crustal flux previously estimated

by [1] based on radiogenic heat flow considerations.

In order to understand the behavior of the helium–heat

couple in the crust, it is necessary to simultaneously
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account for transport processes of these two tracers, in

addition to fluid flow.

Here, through a series of simultaneous 2-D water

flow–heat transfer–4He transport simulations in the

regional Carrizo aquifer and surrounding formations

in southwestern Texas, we aim at clarifying some

apparent observed thermal and He inconsistencies in

continental areas (e.g., [19]), as well as to shed some

light on the mantle helium–heat imbalance problem.

Specifically, by analyzing the driving transport

mechanisms of these two tracers, we assess the legit-

imacy of earlier assumptions [1,2]. The role played by

advection, conduction, and diffusion on vertical trans-

port as well as its dependency on formation perme-

abilities and hydraulic conductivities is analyzed.

Transition from transient to steady-state regimes for

heat transfer and He transport under different ground-

water flow scenarios is also investigated. It will be

shown that the driving transport mechanisms for heat

and 4He in the crust are of a fundamentally different

nature. In addition, we show that the impact of ASW

on both heat and He leads to significantly lower He /

heat fluxes as compared to radiogenic production

ratios. Our simulations indicate that, unlike heat

flow, 4He transport will not be at steady-state in low

permeability, recently formed crust of Miocene–Plio-

cene–Quaternary age. Thus, and unlike O’Nions and

Oxburgh [1], Oxburgh and O’Nions [2], and van

Keken et al. [3], we argue that there is at present no

sound basis to support the existence of a mantle

helium–heat imbalance, and thus, the existence of an

impermeable layer between the upper and lower man-

tle to He transport.
2. Geological and hydrogeological background

The Carrizo aquifer is part of a thick regressive

sequence of terrigenous clastics that formed within

fluvial, deltaic and marine depositional systems in

the Rio Grande Embayment area of South Texas on

the northwestern margin of the Gulf Coast Basin

(Fig. 1a).

In Atascosa and McMullen counties (Fig. 1b),

the Carrizo aquifer is a confined, massive, sandstone

lying unconformably on the lower part of the upper-

Wilcox and the lower-Wilcox formation (Fig. 1c;

[20,21]). Downdip, the Carrizo contains an increas-
ing amount of shales and mudstones [22,23]. The

underlying lower-Wilcox, the oldest formation of

Tertiary age, contains thick mudstone and clay

layers. The Recklaw formation, a confining layer

primarily composed of shale, fine sand and marine

mudstones, conformably overlies the Carrizo aquifer

and is in turn overlain by the Queen City aquifer

that consists of thick coastal barrier sands in the

study area. These formations outcrop subparallel to

the present-day coastline as a southwest–northeast

wide band across Texas; dip is to the southeast (Fig.

1a, c). The Carrizo aquifer terminates at a major 32

km wide growth-fault system commonly known as

the Wilcox Geothermal Corridor (Fig. 1a, b).

Groundwater flows gravitationally from the outcrop

areas toward the southeast. Discharge occurs by

cross-formational upward leakage along the entire

formation, and along fault-related permeability path-

ways.

Our study area lies within the thin transitional

crust, at the boundary with the thick transitional one

[24]. Originally part of the Gondwanan continent, the

thin transitional crust is composed of varied Precam-

brian and Paleozoic rocks [25].
3. Conceptual model

Coupled groundwater flow, heat transfer, and 4He

transport simulations were carried out simultaneous-

ly in a 2-D model encompassing four stratigraphic

units, the Carrizo and overlying Queen City aqui-

fers, and the Recklaw and upper-Wilcox confining

layers (cross-section AAV, Fig. 1b, c). It is repre-

sented by a mesh corresponding to a 120.6 km long

stratigraphic cross-section between 220 and �2210

meters of elevation, trending northwest–southeast

(Fig. 1b, c), along the direction of regional ground-

water flow. It comprises 21,939 elements. This 2-D

model corresponds to the original plane from which

a 3-D model comprising more than 5 million ele-

ments was constructed to carry out simulations of

groundwater flow and 4He transport in the region

[9]. Due to today’s hardware and software con-

straints, it is not yet possible to carry out simulta-

neously simulations of water flow, heat transfer, and
4He transport in a 3-D model of this complexity

and magnitude.
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3.1. Mathematical formulation and numerical

approach

The subsurface distribution of heat in saturated

porous media can be described by two coupled dif-

ferential equations, one describing the fluid potential

and the other temperature. We use as fluid potential an

equivalent freshwater head [6] given by:

h ¼ p

q0g
þ z ð1Þ

where p is the fluid pressure, q0 an arbitrary reference

density, g the gravitational constant, and z the eleva-

tion above sea level. All symbols and values used in

this study are defined in Table 1.
Table 1

Parameters used in groundwater flow, heat transfer and 4He transport sim

Symbol Description Values

Water

h Hydraulic head computed

p Fluid pressure

z Elevation above datum (sea level)

q0 Reference water density 1000

g Gravitational constant 9.81

k
¼

Permeability tensor

K Hydraulic conductivity

H Temperature Computed

H0 Recharge temperature 24.7

l Dynamic viscosity Computed

Ss Specific storage coefficient

a¼ Dispersivity tensor composed of aL and aT

aL Longitudinal dispersivity 125

aT Transversal dispersivity 12.5

U Darcy velocity Computed

x Porosity

cw Water specific heat 4.1816E+6

crock Rock specific heat

c Specific heat of the medium

kw Water thermal conductivity 0.6

krock Rock thermal conductivity

k Thermal conductivity of the medium

qheat Source term of heat

qm Source term of mass of tracer

C 4He concentration Computed

d 4He diffusion coefficient (58 8C) [8]
L Characteristic length

Pe Peclet number
Transient groundwater flow in response to pressure

gradients is described by:

jd
q0g k

¼

l Hð Þ jh

!
¼ Ss

Bh

Bt

 
ð2Þ

with

l Hð Þ ¼ 10�3T
��

0:021482T
�

H � 8:435

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8078:4þ ðH � 8:435Þ2

q ��
� 1:2

��1

ð3Þ

where l is the dynamic viscosity, H is the tempera-

ture, k
¼
is the intrinsic permeability tensor, t is time,

and Ss is the specific storage coefficient. Density
ulations, and subsequent analysis

Units

Queen Recklaw Carrizo Wilcox

m

kg m�1 s�2

m

kg m�3

m s�2

m2

m s�1

8C
8C
Pa s

9.9E�5 9.8E�4 1.0E�4 9.8E�4 m�1

m

m

m

m s�1

20.0 12.5 35.0 26.0 %

J m�3 K�1

2.1E+6 2.3E+6 2.1E+6 2.3E+6 J m�3 K�1

2.5E+6 2.5E+6 2.8E+6 2.8E+6 J m�3 K�1

W m�1 K�1

3.5 1.2 3.5 1.2 W m�1 K�1

2.9 1.1 2.5 1.0 W m�1 K�1

W m�3

mol m�3 s�1

mol m�3

1.3E�9 6.7E�10 1.3E�9 6.7E�10 m2 s�1

120 m
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variations are not accounted for in our simulations as

the maximum combined effect of salinity and temper-

ature on density in our domain is negligible (b1%).

Because salinity effects on l in our freshwater-dom-

inated system are equally negligible, l is treated as

function of temperature alone.

The transient heat transfer equation accounting for

advection, kinematic dispersion, and conduction is

given by:

jd
�

a
¼

cwU þ k
�
jH � cwU

Y
H

�
¼ c

BH
Bt

þ qheat

�
ð4Þ

with

k ¼ xkw þ 1� xð Þkrock ð5Þ

and

c ¼ xcw þ 1� xð Þcrock ð6Þ

where a
¼

is the dispersivity tensor, k is the thermal

conductivity of the medium, kw and krock are the

thermal conductivities of water and the rock, respec-

tively; c is the specific heat of the medium, cw and

crock are the specific heat of the water and rock,

respectively; x is the porosity, and qheat is a source

term corresponding to the added (or withdrawn) heat

per unit volume per unit of time.

To account for advection, kinematic dispersion,

and molecular diffusion the 4He transport equation

is expressed as:

jd
�

a
¼
U þ xd

�
jC � CU

Y
�

¼ x
BC

Bt
þ qm

�
ð7Þ

where U
Y

is the Darcy velocity, d is the diffusion

coefficient in porous media (diffusion coefficient in

pure water multiplied by the tortuosity coefficient), C

is the concentration of 4He in water, and qm is a

source term corresponding to the added or withdrawn

mass of tracer per unit volume per unit of time.

All 2-D simulations were conducted in transient

state with the finite element code METIS3 [26]. The

time discretization for the resolution of the transient

coupled simulations of water flow, heat transfer, and
4He transport obeys a centered (Crank–Nicholson)
3 Modélisation des Ecoulements et des Transferts avec Interaction

en milieu Saturé.
scheme. The time step is automatically calculated in

order to maintain the time truncation error at a fixed

level.

3.2. Initial and boundary conditions

Groundwater flow boundary conditions include

hydraulic heads prescribed on the outcrop areas of

all formations as well as on top of the Queen City

aquifer obtained using a step-by-step procedure

through geostatistical modeling [9]. A no-flow bound-

ary condition was imposed at the base of the Wilcox.

In addition, a high intrinsic permeability value of

3*10�13 m2 was imposed in the Wilcox Geothermal

Corridor area. The latter allows for the water to be

evacuated upward, translating to the situation occur-

ring at the major growth-fault system. Intrinsic per-

meabilities within the Carrizo, Recklaw and Queen

City Formations are our calibration parameter. In the

Wilcox, to maintain a low hydraulic conductivity

value [9] despite a decrease of dynamic viscosity

with depth due to increased temperatures, an intrinsic

permeability of 10�18 m2 was imposed in the outcrop

area, and a decrease factor given by kw=10
�18

exp((z� zw) /500) was applied, where z and zw are

the altitudes at the center of the elements at a location

of interest, and that on the outcrop, respectively.

A temperature H0 of 24.7 8C in the recharge areas

of all four formations corresponding to the average of

a total of 48 available measurements within the 3-D

model domain recharge area was imposed [27,9]. This

is the initial condition applied in all 2-D heat flow

simulations. An outlet condition at the top of the

confined Queen City aquifer allows heat to be evac-

uated upward by advection. Indeed, due to the high

hydraulic conductivities (K) in place in this aquifer

(K N2.2*10�5 m s�1), advection is the dominant heat

transport mechanism here. A heat flux representing

the external heat contribution from the underlying

crust and/or mantle was imposed at the base of the

Carrizo aquifer; this is our heat flow calibration pa-

rameter. Inside the domain, a source term representing

radiogenic in-situ heat production was imposed and

calculated following [28]:

Pheat ¼ 10�11TqrockT 9:52 U½ � þ 2:56 Th½ � þ 3:48 K½ �ð Þ
ð8Þ



Table 2

Th, U, and K contents in the reservoir rocks of the Queen City, Recklaw Formation, and Carrizo Aquifer as well as density and calculated 4He

and heat production rates

Formation Th U K qrock
a P

4

He Pheat
4He /heat

(ppm) (ppm) (%) (kg m�3) (mol m�3
rock s

�1) (W m�3
rock) (mol J�1)

Queenb 6.85 2.08 1.865 2400 1.49E�18 1.05E�6 1.42E�12

Recklawb 9.425 2.89 2.7 1700 1.45E�18 1.04E�6 1.40E�12

Carrizo 2.9c 7.50c 0.6702d 2400 3.33E�18 1.95E�6 1.71E�12

a Density of rocks estimated after Handbook of Physical Constants, Volume II, CRC Press, Florida, 1966.
b Values estimated from average lithologic composition of each formation and after Parker [29].
c Measured U and Th concentrations in the reservoir rock (Castro et al. [30]).
d Average value on 26 measurements in the Carrizo aquifer [31].

Table 3

Temperature measurements [27] used for calibration of the 2�D

Model

Well

name

Well

number

Formation Bottom well

elevation ASL*

(m)

Temperature

(8C)

AL001 6859401 Carrizo 41.8 26.0

AL006 7811603 Carrizo �614.2 38.0

AL033 7803509 Carrizo �296.3 30.0

AL034 7803507 Carrizo �294.1 33.0

AL048 7803201 Carrizo �129.5 29.0

AL170 6858607 Carrizo 55.2 25.0

AL189 6859804 Carrizo �74.4 27.5

AL193 6859822 Carrizo �73.2 28.0

AL253 7803503 Carrizo �216.4 33.0

AL258 7803807 Carrizo �503.5 37.0

AL319 7811604 Carrizo �606.6 41.0

SU009 7828603 Carrizo �1079.7 52.0

SU013 7828101 Carrizo �1123.2 48.2

SU397 7828602 Carrizo �1144.0 49.5

SU402 7837602 Carrizo �1596.5 72.0

AL260 7803902 Queen City �127.1 27.0

AL316 7811305 Queen City �113.1 27.0

AL317 7811309 Queen City �163.4 28.0

AL320 7812105 Queen City �228.0 28.8

AL340 7820703 Queen City �571.8 37.0

AL341 7820801 Queen City �605.0 39.3

*Above sea level.
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where [U], [Th] and [K] represent the U, Th, and K

content of the different formations, and qrock their

respective densities (Table 2).

For the transport model an ASW 4He concentra-

tion of 2.01*10�6 mol m�3 was imposed on all

outcrop areas. This value corresponds also to the

initial condition applied for all simulations. On top

of the Queen City an outlet condition was prescribed,

which allows 4He to be evacuated upward by advec-

tion. A 4He flux representing the external contribution

from the underlying crust and/or mantle was imposed

at the base of the Carrizo aquifer. This upward exter-

nal flux is our 4He transport calibration parameter. A

term representing in-situ 4He production (Table 2)

was also imposed in the Carrizo, Recklaw and

Queen City units; these were calculated using decay

constants given by Steiger and Jager [32]:

P
4

He ¼ 103TqrockT 1:71T10�25 U½ �þ4:06T10�26 Th½ �
	
:



ð9Þ

For all simulations it is assumed that in-situ produced
4He is released to the water at the production rate

[29].

3.3. Calibration data

Calibration of the groundwater flow model was

achieved based on 34 hydraulic head measurements

available in the Carrizo aquifer, located in the prox-

imity of the 2-D model (AAV, Fig. 1b). These data

belong to a total of 149 available head measurements

within the 3-D model domain (AL1–8, 26–35, 37–40,

42–45, 47–48, 52, 56; SU9,10,13,14, cf. [9]).

Calibration of the heat flow model was obtained

based on 21 temperature measurements available in
the confined portions of the Carrizo and Queen City

aquifers, in the proximity of the 2-D model (Fig. 1b,

Table 3).

Calibration of the 4He transport model was

achieved using 11 samples located in the proximity

of the 2-D model (Fig. 1b, Table 4). These are part of

a total of 22 wells previously sampled in the Carrizo

aquifer for analysis of noble gases ([30,33]; Fig. 1b).

Previous analysis of different helium components has



Table 4

Measured 4He concentrations in the Carrizo aquifera

Well name Well

number

Bottom well

elevation ASL

(m)

4He

(10�6 mol m�3)

TX 02 6851803 154.0 2.07

TX 04 7820301 �787.0 16.80

TX 06 7803601 �302.7 3.24

TX 20 7827501 �942.5 54.15

TX 21 7804803 �451.1 4.87

TX 25 7828501 �1063.5 73.06

TX 26 7836201 �1218.3 200.42

TX 27 7836902 �1330.5 265.27

TX 29 7828603 �1079.7 79.54

TX 32 6851701 140.2 1.86

TX 33 7828101 �1123.2 52.25

ASW (18 8C)b 2.010

a See Castro et al. [30]. The name, number, and bottom well

elevation above sea level of well samples are indicated.
b After Stute et al. [33].
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shown 4He excesses with respect to ASW by up to

two orders of magnitude (Table 4, [30]).
4 This calculation assumes a sedimentary sequence above the 2-D

domain shale (50%) and sandstone (50%) dominated, with compo-

sitions represented by the Recklaw and Carrizo formations, respec-

tively (Table 2).
4. Model results and discussion

In the following sections we present and analyze

simulations carried out simultaneously for groundwa-

ter flow, heat transfer and 4He transport in transient

state. As stated earlier, the primary goal of this study

is to analyze the transport behavior of heat and 4He

under similar groundwater flow regimes in the crust.

Therefore, emphasis will be placed on the analysis of

the coupled 4He-heat pair rather than at achieving a

perfect fit as was previously done for 4He through 3-D

modeling and geostatistical analysis [9].

4.1. Groundwater, heat and 4He calibrated model —
4He versus heat fluxes

Simultaneous calibration on measured hydraulic

heads, temperatures and 4He concentrations was

obtained by implementing the exponential decrease

of intrinsic permeability (k) with depth in the Carrizo

and Recklaw formations previously obtained through

3-D modeling [9]. This decrease results from differ-

ential compaction of the media as well as downdip

lithological changes. For the Queen City aquifer

where temperature measurements are also available
(Table 3), an exponential decrease of k with depth

was also applied, but the factor was less pronounced.

These relationships are given by:

kc ¼ 5T10�11exp z� zcð Þ=243:1ð Þ

kr ¼ 2:1T10�15exp z� zrð Þ=264ð Þ

kq ¼ 2:5T10�11exp z� zq

 	

=500

 	

ð10Þ

where zc, zr, and zq are the altitudes at the center of the

element located on the outcrops of the Carrizo, Reck-

law, and Queen City, respectively. Initial k values

(outcrop areas) for the Carrizo, Recklaw, and Queen

City are 5*10�11, 2.1*10�15, and 2.5*10�11 m2,

respectively. The obtained fit for calculated and mea-

sured hydraulic heads is very good, with r2=0.98 (not

shown).

Fig. 2a shows the calculated thermal field obtained

through calibration of the heat flow model. Distribu-

tion of isotherms clearly shows the impact of recharge

water entering the outcrop areas, which leads to a slow

temperature increase and thus, low geothermal gradi-

ent (~1.3 8C/100 m) within the first ~50 km from the

outcrop area. As water velocity decreases with in-

creased recharge distance, heat accumulation in the

system, due particularly to the external heat flux en-

tering the base of the Carrizo aquifer, becomes more

prominent. Irregular distribution of isotherms in the

system is the combined result of downward recharge

water movement, variable hydraulic gradient (steeper

in the recharge area) and changes in formation dip

(Fig. 1c; see also [6]). The fit obtained between calcu-

lated and measured temperatures is good (r2=0.96,

Fig. 2b). Calibration was achieved for an external

heat flux entering the base of the Carrizo of 35 mW

m�2. If one takes into account the radiogenic heat

production within our 2-D system above the base of

the Carrizo (~700 m thick) as well as production in the

remaining sedimentary sequence up to the surface

(~1.6 km), this will correspond to an estimated surface

heat flux of ~38 mW m�2 (Table 2).4 Such low heat

fluxes are typical of old continental and oceanic

regions (Section 2; [4]).
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Calibration of the 4He transport model (Fig. 2c)

was achieved by prescribing a flux entering the base

of the Carrizo aquifer of 2.6*10�15 mol m�2 s�1.

Note that this flux is not representative of the terres-

trial 4He flux. Indeed, as shown by Castro et al.

[10,11], 4He fluxes decrease rapidly toward the sur-

face as a result of progressive dilution by recharge

water present in deeper aquifers / formations. Calcu-

lated and measured concentrations are also well cor-

related (r2=0.96; Fig. 2d). Progressive down dip

increase of 4He concentrations in the Carrizo is

apparent from the vertical concentration contour

lines (Fig. 2c). In a similar manner to that of heat

accumulation, the increase rate is slower near re-

charge areas where water movement is faster and

the atmospheric component has a strong dilution

effect on 4He concentrations. In the central part of

the system 4He accumulates more rapidly due both to

the external flux entering the Carrizo aquifer and in-

situ production, as hydraulic conductivities and water

velocities progressively decrease and thus, effect a

smaller amount of dilution by the atmospheric com-

ponent. In contrast to the Carrizo aquifer, 4He con-

centrations persist over long distances within the

Recklaw Formation because hydraulic conductivities

and therefore water velocities greatly decrease with

distance and depth, and are a factor of ~3 orders of

magnitude smaller than those in place in the Carrizo

aquifer.

This calibrated model represents one of the best fits

obtained simultaneously for groundwater flow, heat

transfer and 4He transport models and is our

breferenceQ in the discussion that follows. Note that

small variations of both heat and 4He external fluxes

lead to equally good fits. Nevertheless, both heat and
4He fluxes entering the base of the Carrizo are well
Table 5

Th, U, and K content of the continental and oceanic crust as well as dens

Th U K qrock

(ppm) (ppm) (%) (kg m�

Upper crust* 10.7 2.8 2.80 2600

Lower crust* 1.06 0.28 0.28 3300

Oceanic crust* 0.22 0.1 0.12 3000

Densities after Clark and Ringwood [34].

*Taylor and McLennan [35].
constrained in the system within a small range of

values.

It is important to note upfront that our resulting

calibrated 4He /heat flux ratio entering the base of the

Carrizo aquifer is 7.4*10�14 mol J�1, a value signif-

icantly lower than radiogenic production ratios in the

area (1.5*10�12 mol J�1; Table 2), as well as that of

the crust as a whole (1.4*10�12 mol J�1; Table 5). By

contrast, and although at first view unrelated, it is of

relevance to mention that the external 4He /heat flux

ratio entering the base of the Carrizo aquifer is ex-

tremely close (indistinguishable) to the mantle He /

heat flux value of 6.6*10�14 mol J�1 reported in the

oceans [1,2], at the proximity of mid-ocean ridges.

The latter, which is thus also over one order of

magnitude lower than the radiogenic production

ratio is at the center of the so-called mantle heli-

um–heat imbalance and the theory of a layered

mantle with an impermeable boundary to He that

could explain the discrepancy observed [1,2].

These apparently contradictory results raise two

critical questions: a) why is the 4He /heat flux

ratio entering the Carrizo aquifer over one order

of magnitude smaller as compared to the relatively

homogeneous terrestrial radiogenic production ratio

of ~10�12 mol J�1?, and; b) is it a simple and

striking coincidence that both 4He /heat flux ratios

entering the Carrizo aquifer and the observed oce-

anic mantle ratio yield indistinguishable values?

Note that both observed and computed He /heat

flux ratios were made either within the upper

crust close to land surface (this work), or just

above the crust (ocean mantle flux ratio [1,2]),

rather than in the deep crust or directly in the

mantle. Below, we take a closer look at possible

reasons for such discrepancies.
ity, and 4He and heat production rates

P
4

He Pheat
4He /heat

3) (mol m�3
rock s

�1) (W m�3
rock) (mol J�1)

2.37E�18 1.66E�06 1.43E�12

3.00E�19 2.10E�07 1.43E�12

7.80E�20 5.80E�08 1.35E�12
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reference model as a function of the distance to the Carrizo outcrop,

respectively.
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4.2. Sensitivity analysis to hydraulic conductivity —

advective versus conductive and diffusive flow

regimes

Although some similarities are observed between

heat and 4He transport at the proximity of the out-

crops (Fig. 2a, c) where the influence of recharge

water is strong (e.g., slow accumulation of both heat

and 4He), 2-D simulations highlighted in a clear

fashion some striking behavioral differences between

these two tracers. Specifically, low sensitivity of heat

flow to low permeability and thus hydraulic conduc-

tivity values, by contrast to a much stronger depen-

dency of 4He to this same parameter and range of

values.

Fig. 3a, b where temperature and 4He concentra-

tion deviations (%) in the Carrizo aquifer are plotted

for kc and kr values (k) 2, 5 and 10 times smaller, as

well as 2, 5, and 10 fold with respect to our reference

model, illustrate in a clear fashion the distinct re-

sponse of these two tracers to permeability (k) and

hydraulic conductivity (K) values. Specifically, sce-

narios k / 2, k / 5, and k / 10 show in a clear fashion the

independent nature of heat flow to low permeabilities

and thus, hydraulic conductivities. Indeed, as k

decreases with depth and thus, with distance from

the outcrop, temperature deviations become very

small (V3%, ~50 km from the outcrop; Fig. 3a), to

almost completely vanish at ~90 km away from the

recharge area. The opposite situation is observed with
4He concentrations (Fig. 3b), as deviations from the

reference model become stronger with decreasing K,

and reach a maximum of ~700% for k / 10 simula-

tions at ~70 km. By contrast, for k 2, 5, and 10 fold,

heat flow and 4He transport display a more similar

behavior (Fig. 3a, b). Here, although 4He deviations

remain stronger, deviations increase for both tracers.

Such behavior can be understood in terms of the

advective /diffusive (4He) and advective / conductive

(heat) flux ratios in place in the Recklaw, the confin-

ing layer above the Carrizo aquifer where heat flow

and 4He transport are essentially vertical, upward.

Indeed it has been shown [8,9] that upward 4He

movement in this 2-D system is mostly controlled

by permeabilities and hydraulic conductivies in this

confining layer. Dispersive flux is minor with respect

to the advective, conductive and diffusive compo-

nents, and thus it will not be discussed here.
Advective and diffusive fluxes for 4He and heat are

given respectively by:

/adv ¼ U
Y
C /adv ¼ cwU

Y
H

/diff ¼ � xd
dC
dz

/cond ¼ � k
dH
dz

: ð11Þ
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Fig. 4 represents the 4He advective /diffusive and

heat advective /conductive flux ratios computed in the

Recklaw as a function of distance from the outcrop

(recharge distance), intrinsic permeabilities (k) and

corresponding hydraulic conductivities (K). It is appar-

ent that both ratios decrease with increasing recharge

distance and decreasing K. However, while advection

largely dominates transport of 4He (advective /diffu-

sive fluxH1) throughout most of the formation, the

shift from advective to conductive heat flow (advec-

tive / conductive fluxc1) takes place at ~55 km, where

K~1.5*10�9 m s�1, and k~10�16 m2. Conduction

becomes the dominant transport mechanism (advec-

tive / conductive fluxc0.1) for K~2.1*10�10 m s�1

(k=8.9*10�18 m2) at ~90 km, entirely dominating

heat flow (advective / conductive fluxV0.01) for KV
4.7*10�11 m s�1 (kV1.2*10�18 m2) at a distance of

~110 km. This contrasts markedly with the dominant

advective 4He transport over most of the domain (Fig.

4). Only for K =4.7*10�11 m s�1 at ~110 km does the

diffusive flux equals the advective one, and only at the

very end of the 2-D domain (K =3.9*10�11 m s�1;
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k =9.3*10�19 m2) does the diffusive flux become

dominant (advective /diffusive fluxc0.1). Even

here, the dominance of the conductive over the advec-

tive flux is stronger as compared to the diffusive versus

advective flux.

Our results are similar in nature to Bickle and

McKenzie [36] who, through a 1-D analysis, simulat-

ed heat and solute transport under conditions repre-

senting rocks undergoing metamorphism. These

authors subdivided fluid flow regimes into three clas-

ses (page 389): bone in which advection of both heat

and matter predominate, a second in which heat is

largely conducted but matter is advected, and a third

in which advection of both heat and matter is insig-

nificantQ. Here, we find these same three classes for

heat and 4He transport in the Recklaw Formation for

which the threshold between each class corresponds to

a specific k value. Threshold between the first and

second classes takes place at k~10�16 m2, and thresh-

old between the second and third classes takes place at

k~10�18 m2 (Fig. 4). The threshold value found in the

Recklaw for advective versus conductive heat flow is
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also in agreement with findings by Smith and Chap-

man [6], as well as those found in many magmatic-

hydrothermal systems (see Manning and Ingebritsen

[37]).

The at least two order of magnitude difference

found between the permeability threshold for heat con-

duction (k~10�16 m2) and 4He diffusion (k~10�18 m2)

in the Recklaw Formation indicates that vertical heat

flow is far more independent of low permeabilities

and thus, hydraulic conductivities than 4He trans-

port. Consequently, the ability for heat to move

upward within at least this permeability range values

(10�16zkz10�18 m2) is far greater than that of
4He (Fig. 4). Among geological formations that

typically lie on these low hydraulic conductivity /

permeability category are many igneous and meta-

morphic rocks (e.g., granites, basalts, gneiss, see

[37]) both in the near-surface and deep crust. We

now analyze the implications of these findings on

the observed 4He /heat flux ratios.
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4He /heat fluxes observed for transient 4He transport while under a steady
4.3. Impact of ASW, diffusion and conduction on

observed 4He /heat flux ratios

Fig. 5 represents the advective 4He /heat, 4He dif-

fusive /heat conductive, and the total 4He /heat verti-

cal flux ratios computed in the Recklaw Formation

with respect to distance from the outcrop, and perme-

abilities (k). Total 4He /heat flux remains unchanged

with or without dispersive flux. The following is

apparent: a) Advective 4He /heat flux ratios are

much lower than radiogenic crustal production ratios

(1.4–1.5*10�12 mol J�1) at the proximity of the

outcrop area (2.5*10�14 mol J�1, ~20 km; k =

1.2*10�15 m2). Here advection is the main transport

mechanism for both 4He and heat and advective 4He /

heat flux ratio equals that of total 4He /heat flux. Low

flux ratios are the result of ASW dilution exerted by

recharge water (atmospheric component) on 4He con-

centrations as opposed to its much smaller impact on

the thermal field (see Section 4.2, Fig. 3a, b). The
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greater impact of ASW on He as compared to heat in

an advective dominated regime such as the recharge

area can be understood in terms of the respective

diffusive (He) and thermal (heat) Peclet numbers,

given respectively by [38]:

Pediffusive ¼
UL

xd
Pethermal

¼ cwUL

k
ð12Þ

where L is a characteristic length of the porous media

(thickness of the Recklaw Formation, for example). If

both Peclet numbers are H1 both heat and He ad-

vective fluxes entirely dominate with respect to the

conductive and diffusive fluxes. At the proximity of

the recharge area, however, where the Darcy velocity

is ~2.4*10�9 ms�1 and L~120 m, the diffusive Peclet

number is much greater (~3460) than the thermal one

(~1.1). Thus, while advection entirely dominates over

diffusion, thermal conduction plays a non-negligible

role with respect to advection. This greater dominance

of advection over diffusion as compared to conduction

in the recharge area is precisely at the origin of the

greater ASW impact on He concentrations as com-

pared to temperatures and translates directly into a

much greater diffusive Peclet number as compared to

the thermal one. As impact of ASW decreases due to

permeability and hydraulic conductivity decrease, ad-

vective 4He /heat flux ratios increase steadily by up to

about two orders of magnitude to approach radiogenic

production values only when the impact of ASW

water (not shown) on both tracers is negligible

(b1%), with kV3.3*10�18 m2 (100–110 km). Trans-

port by advection however, is insignificant in this area

(Fig. 5); b) In contrast to advection, diffusion and

conduction play a negligible role on 4He and heat

transport at the proximity of the outcrop (~20 km;

Figs. 4 and 5) and 4He diffusive /heat conductive flux

ratios display extremely small values in this area

(7.8*10�17 mol J�1, Fig. 5). A stronger 4He concen-

tration than temperature gradient increase leads to a

steady increase of this ratio with permeability and

hydraulic conductivity decrease, of up to 2.4*10�14

mol J�1 (113.75 km; k =9.3*10�19 m2). Here, trans-

port by diffusion and conduction is dominant and 4He

diffusive /heat conductive flux equals that of total
4He /heat flux ratios.

It can also be seen that although advective 4He /

heat and diffusive 4He /conductive heat fluxes vary

over several orders of magnitude, total 4He /heat flux
ratios vary within a relatively narrow range (~2.4–

7.8*10�14 mol J�1) despite a 4 order of magnitude

permeability variation within the Recklaw Formation

alone (Fig. 5). While total 4He /heat flux ratios remain

consistently below the radiogenic production ratio,

such low values do not reflect a He deficit in the

original reservoir where they originate (deeper crust

or mantle). Instead, they reflect the combined impact

of ASW (atmospheric component), advection, con-

duction, and diffusion on these two tracers. The inter-

play between these different components and the

extent to which each one influences this ratio depends

in turn on permeabilities and therefore, hydraulic

conductivities of the formations they cross in their

movement upward, toward the surface. Our results

show that only in the total absence of contact with

ASW (e.g., an atmospheric component provided by

freshwater or seawater) under an advective dominated

regime for both 4He and heat transport is the total
4He /heat flux ratio expected to equal the radiogenic

production ratio. In the field, and although unlikely,

this situation could hypothetically be found on a deep

high permeability fault where kz10�16 m2.

It is important to note that although our simulations

ran in transient state, all results presented here corre-

spond to the field situation once steady-state has been

reached for groundwater flow, heat and 4He transport.

The distinct nature of heat flow and 4He transport in

low permeability formations (kV10�16 m2) has also a

major impact on the presence of transient versus

steady-state transport for both tracers. This, in turn,

has also major implications on the observed 4He /heat

flux ratios in the field. We discuss these below.

4.4. Transient versus steady-state regime for heat flow

and 4He transport: implications for 4He /heat flux

ratios

While steady-state for heat flow is reached at ~205

kyrs in our reference calibrated model (Section 4.1),

that of 4He transport is reached much later, at ~2.75

Myrs, i.e., a time decoupling factor of 13.4 between

both tracers. Because we did not simulate the evolu-

tion of the entire sedimentary sequence, time at which

steady-state for both tracers is reached in our simula-

tions does not correspond to the real time at which

steady-state was reached in the field. This is, however,

irrelevant to the present goal of our study. Of rele-
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vance is the deep decoupling in time and space

displayed between these two tracers under certain

initial and boundary conditions within similar geo-

logical and hydrogeological contexts. Such decou-

pling is controlled by the permeabilities and

hydraulic conductivities of the formations in place,

and relates also directly to the thermal and helium

diffusivities in areas in which conduction and diffu-

sion are the dominant transport mechanisms of these

two tracers. If one considers a simple monodimen-

sional analysis thus, neglecting effects in place in a

real 2- or 3-D system such as those resulting from

cross-formational flow, decoupling of heat and He

can be investigated by looking at the diffusivity ratio

(dimensionless) of these two tracers given by:

thermal diffusivity

helium diffusivity
¼ k=c

d
: ð13Þ

Estimation of the diffusivity ratio for the Recklaw

Formation (Table 1) yields a value of ~662. Thus, if

advection were to be negligible over the entire do-

main, and heat and He transport by conduction and

diffusion were entirely dominant, a time decoupling

factor of ~662 between these two tracers would be

observed. Advection, however, the dominant trans-

port mechanism for He over most of the domain’s

extent (e.g., Fig. 4), greatly reduces the observed

decoupling factor in our reference model (~13). Sen-

sitivity tests have shown that as hydraulic conduc-

tivities increase (e.g., Fig. 3a, b), thus enhancing the

role of advection for both tracers, decoupling be-

tween these two tracers greatly decreases. Indeed,

steady-state is reached simultaneously for both tra-

cers in areas where kz10�16 m2 (Fig. 6), i.e., in

areas where transport is dominated by advection. By

contrast, time decoupling between these tracers

increases as k decreases. Fig. 6 shows the percentage

of 4He concentrations at ~205 kyrs (heat flow

steady-state) with respect to total 4He concentrations

at ~2.75 Myrs (4He steady-state transport) as a func-

tion of distance from the outcrop area and perme-

abilities. The latter illustrates space decoupling in a

clear fashion. Specifically, decoupling of 4He

becomes particularly strong at ~90 km for k~10�17

m2 (~92%), and increases steeply with k decrease,

to reach only ~7% of total 4He at 113.75 km

(k =9.3*10�19 m2). As k further decreases, the
time decoupling factor between these two tracers

increases. For example, heat and 4He are decoupled

by a time factor of 30 in scenario k / 10 (see Section

4.2), with steady-state for heat and 4He reached at

~430 kyrs and ~13 Myrs, respectively.

Absence of 4He transport steady-state directly

impacts total 4He /heat fluxes. Indeed, while steady-

sate for heat flow is in place at ~205 kyrs (reference

model) and heat fluxes remain unchanged, 4He fluxes

are much lower in areas with 10�17zkz9.3*10�19

m2 leading to total 4He /heat fluxes of over an order of

magnitude smaller (dashed line, Fig. 5) than those

corresponding to steady-state for both tracers (solid

line, Fig. 5). Thus, total 4He /heat flux values as low

as 10�15 mol J�1 can be found in the presence of 4He

transient state (~205 kyrs–2.75 Myrs) under this par-

ticular scenario.

Because many igneous and metamorphic forma-

tions display k b10�17 m2, this steep time decoupling

directly impacts 4He /heat flux ratios in areas of recent

(Miocene, Pliocene, Quaternary) magmatic or volca-

nic activity. Indeed, with the exception of fault areas

where transport is by advection (kz10�16 m2), pos-

itive thermal anomalies might be observed while in

total absence (or slight presence) of a mantle He

component in such areas. For example, heat and
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helium patterns observed in the central European

Rhine Graben (e.g., [19]) might be the result of

such temporal decoupling. By contrast, areas in

which magmatic chambers that cooled at earlier

times are located might give rise to observed positive

mantle He anomalies while in the total absence of

thermal anomalies.

4.5. Low 4He /heat flux ratios — implications for the

terrestrial He budget and the mantle helium–heat

imbalance

Two decades ago, based on the observed low man-

tle He /heat flux value of 6.6*10�14 mol J�1 at the

proximity of mid-ocean ridges [1,2] concluded that

the amount of U and Th required to support the

oceanic radiogenic He flux would only provide ~5%

of the mantle heat flux. This low He /heat flux ratio is

at the origin of the mantle helium–heat imbalance and

the theory of a layered mantle with an impermeable

boundary to He that could explain the discrepancy

observed [1,2]. Recently, van Keken et al. [3] claimed

once again that the mantle helium–heat imbalance

remains a robust observation. However, the assump-

tions behind their study were similar to those adopted

by [1,2], i.e., similar transport efficiencies for He and

heat transport in the crust in addition to the presence

of a steady-state transport regime. These authors thus

conclude (page 423): bTherefore, the issue of separa-

tion of heat from helium centers only on the mantle

fluxesQ.
We have shown that transport of 4He and heat is of a

different nature for a high range of permeability values

(kV10�16 m2) found in metamorphic and igneous

rocks at all depths in the crust [37]. Consequently, the

assumption behind the continental 4He crustal flux

estimation by [1] based on similar transport properties

of both heat and He in the crust is invalidated. We have

also shown that total 4He /heat flux ratios lower than

radiogenic production ratios do not reflect a He deficit

in the original reservoir (deep crust or mantle) as com-

pared to heat. Instead, they reflect the combined impact

of ASW, advection, conduction, and diffusion when

steady-state is reached for both tracers in addition to the

presence of a possible transient state regime for He

transport alone (Fig. 5). We thus argue that the ob-

served low mantle He /heat flux ratio observed in the

oceans (see Table 5, Fig. 5) might be, at least partially,
the result of processes occurring in the oceanic crust

similar to those occurring in the continental crust,

rather than deeper into the mantle.

Our simulations indicate that in order for both heat

and He to be in steady-state in recently formed crust,

the presence of an advective dominated regime is

required (kz10�16 m2, Fig. 6, Section 4.4). Under

these conditions, only in total absence of contact with

ASW (e.g., an atmospheric component provided by

seawater) is the total 4He /heat flux ratio expected to

equal the radiogenic production ratio (1.5*10�12 mol

J�1, Fig. 5). Lower 4He /heat flux ratios in an advec-

tive dominated regime require the incorporation of an

ASW component. We thus argue that the observed

low ocean mantle 4He /heat flux [1,2] results, at least

partially, from sea water incorporation within mid-

ocean ridge basalts (MORB). Our findings are strong-

ly supported by noble gas data from a number of

MORB glasses for which Fisher [39] concluded that

only the presence of variable but non-zero amounts of

atmospheric /hydrospheric noble gases can explain the

measured He, Ar, and Xe in a coherent manner.

Our simulations also suggest that 4He transport is in

transient state in recently formed crust for kV10�17 m2

(Fig. 6), i.e., likely in most active sea-floor spreading

centers. Under these conditions, low to very low man-

tle He excesses and thus total He /heat fluxes up to

several orders of magnitude lower than the radiogenic

production ratios are likely to be observed (e.g., Fig. 5,

gray area). These findings are also supported by direct

field observations. Indeed, the mantle He /heat flux

ratio reported by [1,2] as representative of the Earth’s

mantle comes from one single spreading center, the

East Pacific Rise, from samples collected at the triple-

junction of the Pacific, Cocos and Nazca Plate by

Craig et al. [40]. These authors point out that much

smaller mantle He anomalies were found in the Atlan-

tic, and that no maximum 3He / 4He ratio anomalies

could be identified in the South Pacific. It is also of

interest to note the contrast between observed
4He / 40Ar ratios in basalts from the Mid-Atlantic

Ridge (MAR) and those from the East Pacific Rise

(EPR) [39]. While the first are consistently greater than

mean radiogenic production ratios, EPR 4He / 40Ar

ratios are, for the most part, close to the mean radio-

genic production value. Comparable 4He / 40Ar values

to those of MAR were also found in the Paris Basin

[10,11]. Such decoupling between 4He and 40Ar is due



M.C. Castro et al. / Earth and Planetary Science Letters 237 (2005) 893–910 909
to preferential transport by diffusion of 4He in a low

permeability formation (k~4*10�19 m2). Decoupling

of 4He / 40Ar in the MAR thus suggests the presence of

a low permeability oceanic crust in the area, and thus,

the presence of transient state for 4He transport as

opposed to a potential 4He steady-state in a more

permeable EPR crust.
5. Summary

Simulations of groundwater flow, heat transfer and
4He transport were conducted simultaneously in the

Carrizo aquifer and surrounding formations in south-

west Texas. Results indicate that the driving transport

mechanisms for He and heat are of a fundamentally

different nature in the crust, thus rendering assump-

tions made by O’Nions and Oxburgh [1] and Oxburgh

and O’Nions [2] for estimation of the terrestrial crustal
4He flux based on heat considerations unsound.

It is shown that 4He /heat flux ratios below the

radiogenic production ratio do not reflect a He deficit

in the original reservoir where they originate (deeper

crust or mantle). Instead, they reflect the combined

impact of ASW, advection, conduction, and diffusion

on these two tracers. The interplay between these

different components and the extent to which each

one influences this ratio depends on permeabilities

and therefore, hydraulic conductivities of the forma-

tions they cross in their movement toward the surface.

Our results show that only in total absence of contact

with ASW (e.g., an atmospheric component provided

by freshwater or seawater) under an advective domi-

nated regime for both 4He and heat transport is the

total 4He /heat flux ratio expected to equal the radio-

genic production ratio. Our simulations also suggest

that 4He transport is in transient state in recently

formed low permeability crust leading to low He /

heat flux ratios in these formations.

Low mantle He /heat flux ratios reported at the

proximity of mid-ocean ridges might be, at least par-

tially, the result of processes occurring in the oceanic

crust similar to those occurring in the continental crust,

rather than deeper into the mantle. Overall, and with-

out consideration for additional processes that might

affect these two tracers in the mantle (e.g., Albarède

[14], Anderson [15]), our simulations show that there

is at present no scientific basis to support the existence
of a mantle helium–heat imbalance and consequently,

the presence of a layered mantle in which removal of

He is impeded from the lower mantle [1,2]. Anderson

[13,41] has previously suggested that both He and CO2

may be trapped in the shallow mantle, a hypothesis

that is consistent with our simulation results for low

permeability and hydraulic conductivity formations.

Alternative mantle structures and convection models

are possible for which the presence of a deep imper-

meable boundary to He is not required (see e.g.,

Albarède [14], Anderson [15]).
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