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Abstract

An attempt is made here to summarize the history and to highlight the major constituting concepts,
properties and applications of the Téthian Theory of Regional Groundwater Flow from its conception [1,
2] to the mid 2010s.

Regional, or basinal, groundwater flow is defined here as “the gravity-driven cross-formational motion
of groundwater at spatial and temporal scales that are commensurate with dimensions of the natural
topographic relief and with the human and geologic time spans, respectively. The general “umbrella”
theory is made up of two component sub-theories, namely: 1) "The Hydraulics of Basin-Scale Groundwater
Flow and 2) "The Geologic Agency of Basin-Scale Groundwater Flow".

The subject matter of “Sub-Theory-1” is the spatial pattern and dynamic intensity of groundwater flow
in topographically defined drainage basins. This flow is organized into cross-formational flow systems
driven by elevation differences in the water table through a hydraulically continuous rock framework.
Owing to the flow domain’s hydraulic continuity flow systems develop ubiquitously and simultaneously
throughout the entire porous portion of the Earth’s upper crust. “Sub-Theory-2”, on the other hand, deals
with the processes, products and manifestations of the interaction between moving groundwater and its
natural environment at and beneath the land surface.

The theory has resulted in a paradigm shift in hydrogeology. The paradigm of basinal groundwater
hydraulics has changed from the classical perception of "confined, or artesian, aquifers" to the modern
understanding of “regionally unconfined cross-formational flow systems". Or, in other words, form
“pipe flow from outcrops to outcrops” in highly permeable strata between impermeable boundaries, to
“regionally unconfined cross-formational flow systems" from recharge areas to discharge areas”. As a
consequence, regional groundwater flow has been recognized as a unique and general geologic agent in
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the subsurface.

Introduction

Since it was proposed in 1962 as a simple analytical model of
groundwater flow-distribution in a small drainage basin the model
has evolved into the fully fledged Theory of Regional Groundwater
Flow. It is an "umbrella theory” made up of two Sub-Theories: 1. The
Hydraulics of Basin-Scale Groundwater Flow and 2. The Geologic
Agency of Groundwater Flow. Sub-Theory-1 seeks to describe the
distribution of gravity driven groundwater flow in drainage basins by
means of mathematical models, field measurements of fluid dynamic
parameters (hydraulic head, pore pressure, head- and/or pressure
gradient, dynamic pressure-increment [3, 4] and by observations of
groundwater-flow related natural processes and phenomena. Sub-
Theory-2 studies possible interactions between flowing groundwater,
on the one hand, and its subsurface and surface environment, on
the other (hydrological, chemical, thermal, mechanical, biological,
etc.). Sub-Theory-1 is, therefore, the realm of the mathematician and
engineer, while Sub-Theory-2 is home for specialists in a growing
number of various disciplines dealing with groundwater related
processes and manifestations. Normally, the two Sub-Theories attract
students of different mentalities, backgrounds and interests. Yet the
understanding and ability to exploit the full potential of the umbrella
theory requires a familiarity with both of them.

The objective of the paper is, therefore, to present and explain
the constituting principles, the principal attributes and the strongly
interdisciplinary nature of the two Sub-Theories. The purpose, on
the other hand, is to demonstrate how the groundwater-related
interdependence and synergism between the two Sub-Theories can be
used for the optimal application of the umbrella “Theory of Regional
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Groundwater Flow”. Simply put, to encourage, and pave the way for
the interaction between specialists in either of the two Sub-Theories.

Note: It would be impossible pictorially to illustrate every significant
aspect of a mature theory of broad scope in a single-paper essay on
any of the natural sciences. The present study is no exception. This
paper contains, therefore, only five fundamental figures that are, in the
author's view, the most germane to the topic.

Regional Groundwater Flow Studies Prior to 1962

The idea that groundwater flow is induced by gravity goes back to
times immemorial. Marcus Vitruvius Pollo [5] and Leonardo da Vinci
[6] saw springs already as infiltrated rainwater, implying flow from
higher to lower elevations; the artesian phenomenon was explained by
Antonio Vallisnieri [7] by groundwater flowing in highly permeable
geologic formations from elevated outcrops to low lying areas. But the
question of a hydraulic structure, or patterns, of regional groundwater
flow does not appear to have emerged until the late 19th and early 20*
century. As it turns out, the universal control of that structure is the
configuration of the water table.
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An early, perhaps the first, purposeful and documented enquiry
of the causal relationship between the water-table relief and the
spatial distribution of groundwater motion was made by King [8,
9] at the Wisconsin Agricultural Experiment Station Farm at Lake
Mendota, Wisconsin, USA. A contour map of the water table based
on 54 shallow observation wells over an area of approximately 370
m x 550 m adjacent to the lake was compared with the relief map
of the land surface and the correlation was evident. Slichter [10] has
envisioned “underground drainage basins” [10, p. 32] drawing a map
of an undulating water-table with mounds and closed depressions
and flow arrows pointing from high to low areas [10, Figure 9, p. 33].
Still in the same decade, D’Andrimont [11] (cited by [12, Figure 43,
p. 87]) conceptualized a hierarchical pattern of groundwater flow-
distribution consisting of a main drainage basin with one sub-basin
on one side of the principal hill slope.

From the 1910s through the 1960s, inspired by Darcy’s [13] seminal
paper [14-15], groundwater research was focused internationally on
theories and empirical methods to predict well and aquifer yields
(Note: not potential yields of extended areas or basins!) for steady
state and transient conditions, in unconfined and confined aquifers
and under different geologic configurations ([16-17]). The “era” of
theoretical developments in aquifer and well hydraulics culminated
in the concept of “leakage” (flow across slightly permeable strata
sandwiched between more permeable ones) when applied to stacks of
superimposed aquifers and aquitards [18-21].

Interest in basin-scale groundwater flow has re-emerged in the
late 1950s and continued through the 1970s. The studies were
empirical, based on field data (well-water levels, production tests,
water chemistry) and conducted mainly for the purpose of municipal,
industrial and agricultural water supplies [22-24]. The commonality
in all those studies was the lack of a general and mathematically
based theory. Each situation was thus treated as an individual case
and interpreted according to the executor’s own ideas. In retrospect,
many of the characteristics and controls of basinal groundwater flow
glimmered through the results without, however, being recognized
as such. Few investigations were dedicated specifically to the
understanding of areal patterns of groundwater flow, their controls
and consequences. And most of those which were [25-29], were
also prompted explicitly by the theoretical developments of the early
1960s, to be discussed below.

The Theory of Regional Groundwater Flow
Sub-Theory-1: Theory of the hydraulics of basin-Scale flow systems

The opportunity of transition from speculative conceptualizations
of basinal groundwater flow to quantitative analysis was provided
by Hubbert's [30] seminal paper “The Theory of Ground-Water
Motion”. Hubbert derived the basic fluid-dynamic parameter, @,
mathematically from first principles and named it fluid potential and
presented conceptual examples for its potential practical applications
[30, Figs. 42, 45, 48].

Hubbert showed that the scalar quantity of fluid potential is the
mechanical energy of a unit mass of water, ¢, and it consists of two
terms, one related to topographic elevation, z, the other to pore

pressure, p:
bO=gh=gz +£ @
Y2

where g is acceleration due to gravity, h is hydraulic head or the
height of water column above the datum plane and p is the fluid’s
density. Consequently,
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where F is the force driving a unit mass of fluid. Thus the force field
can be calculated or modeled for any given flow domain along the
boundaries of which ¢ or its first derivatives are stated. In turn, the
flow field can be determined based on Darcy’s law [13] by combining
the force field with the rock's hydraulic properties (porosity,
permeability, storativity). Basinal-scale groundwater flow-patterns
could now be produced mathematically as solutions to formal
boundary value problems. Yet, another twenty years went by until this
gift to hydrogeology was exploited.

Concept 1: The Unit Basin [1]

The first known application of Eq. 1 [30] to exploration for
groundwater is attributed to Toth’s papers of 1962a and 1963 [1,
2]. The analytical study of basin-scale groundwater-flow patterns
published in the first paper was prompted by an apparent discrepancy
between observed stream flows in a number of creeks in the prairies of
central Alberta, Canada, and those expected on the basis of Hubbert’s
Figure 45 [30, p. 930]. Hubbert's figure shows that all the water that
infiltrates over the entire surface of the basin returns along a line sink
in the thalweg of the valley, as if the watercourse were a drainage
ditch. In reality, however, the creeks beds were mostly dry. Based on
"Figure 45", healthy runoffs in the creeks would be expected. On close
scrutiny it appeared that the convergence of the figure’s flow lines was
a postulate, not a result; Hubbert made the flow lines to converge
on the thalweg, thus they did not necessarily simulate reality! The
analytical solution of the first paper [1] to the Laplace equation for
a basin of simple geometry and homogeneous geology provided the
answer: all the water recharging the basin is not discharging into
the one-dimensional line sink of the creek bed. Instead, it returns
distributed over the entire lower half of the valley flanks leaving only a
small portion to discharge in the thalweg. The flow pattern in the two-
dimensional section of a simple basin of quadrilateral shape, with two
vertical and a horizontal impermeable boundaries, a linearly sloping
water table and a homogenous-isotropic rock framework has come to
be called with time "the Unit Basin" (Figure 1)[1, Figure 3, p. 4380]
[32, p. 275, App. A].

From this first, mathematically formulated, "Concept 1" the Theory
of Regional Groundwater Flow has evolved through, up to now, eight
subsequent and distinctly identifiable concepts, with progressively
increasing in complexity. These concepts were: 2) Undulating upper
boundary, "The Complex Basin" [2]; 3) Heterogeneous-anisotropic
rock framework, arbitrary water-table relief [31, 33, 34]; 4) Regional
hydraulic continuity - Cross-formational flow ([35]; The concept
leading to Sub-Theory-2); 5) Transient flow at geological time scales
[36]; 6) Perpendicular flow system: 3-D basinal water balance/budgets
[37]; 7) Effects of increasingly complex hydraulic properties of the
rock framework on the Téthian flow pattern (see references in the
relevant section); 8) Intersystem hidden channels [38].

Concept 2: Undulating upper boundary, "The Complex Basin" [2]

It was clear during work on the first paper already [1], that the
assumption of linearly sloping water table is only a first approximation
of nature. The Laplace equation was solved again now for a drainage
basin with a sinusoidal surface superimposed on the Unit Basin's
linear regional slope as the top boundary of the flow domain, thus
mimicking the water table of arollinglandscape (Figure 2) [39, 2, Figure
3, p. 4807]. The analysis resulted in the basic model of groundwater
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\Eigure 1: The Unit Basin ([32 Figure 2.1, p. 27] modified from [1, Figs. 2 and 3, pp. 4379 and 4380]).

/
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Figure 2: "The Téthian Drainage Basin": Hierarchically nested gravity-flow systems of groundwater in drainage basin of homogeneous rock framework

\ind complex topography. [2, Figure 3, p. 4807] J
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flow for Composite Basins with a homogeneous and isotropic rock
framework. The pattern comprises several flow systems of different
order, namely local, intermediate and regional. Owing to their
geometrical arrangement they were aptly called the "...hierarchically
nested flow systems..." by Engelen and Jones [40, p. 9]. A flow system
is called local if its recharge and discharge areas are contiguous;
intermediate if its areas of recharge and discharge are separated by
one or more local systems but are not located on the main divide and
valley bottom; and regional if it links the basin’s principal watershed
and thalweg hydraulically (Figure 2). These terms are considered
relative and dependent of the scale of the area analyzed and the degree
of resolution of the analysis.

Three novel concepts of fundamental consequences were
advanced in the above papers: the “Unit Basin”, the “flow system”
and "stagnation zones". These would prove to have tangible effects on
the future direction and scope of evolution of the entire discipline of
hydrogeology. One of such effect would be the recognition of flow
systems as “subsurface conveyor belts”.

The significance of the Unit Basin is that its flow pattern comprises
the three elemental regimes of basinal groundwater flow fields
explicitly. It can thus be considered as the hydraulic unit in the
structure of regional groundwater flow-patterns. These regimes are
the: i) recharge or inflow, ii) transfer or throughflow, and iii) discharge
or outflow. In a basin they are located, respectively, in the areas
upslope, adjacent, and downslope relative to its hydraulic midline,
which divides the recharge and discharge areas [32, Figure 2.1, p. 27].

The flow-system concept was proposed to identify rigorously
distinguishable parts of regional groundwater flow fields. A flow
system has been defined as “a family of flow lines connecting the
whole or part of a recharge area with the whole or part of a discharge
area” [32, p.252]. Similar to the Unit Basin’s basic pattern, each
individual system has three identifiable segments also in a complex
basin: recharge, throughflow, and discharge. However, as mentioned
above, three general types of flow systems may be distinguished in the
complex case: local, intermediate, and regional (Figure 2).

Stagnation zones are regions in the interior and/or along the
boundaries inside a flow field where both the horizontal and vertical
fluxes are near zero (zone) or zero (point). Such areas develop where
flow systems moving in the same direction split or those moving
in opposite direction meet. Such sites may function as subsurface
accumulation of heat and matter and may heterogenize groundwater
age-distribution in a basin.

Concept 3: Heterogeneous-anisotropic rock framework, arbitrary water-
table relief [31, 33, 34]

The next major step in the theory's development was the publication
of a sequel of three papers by Freeze and Witherspoon [31, 33, 34].
They have introduced numerical solutions to the Laplace Equation
and analyzed flow patterns in basins of arbitrary topography and
heterogeneous and anisotropic flow domain. These studies have
evoked interest in the effect of the rock's properties on basinal flow
patterns (e.g., [41]). In addition, the introduction of numerical
methods has moved the theory from the stage of conceptualization
into the realm of practical applicability.

In the second paper of the sequel Freeze and Witherspoon [33]
explored the effects on basinal flow patterns of aquifers and aquitards
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stacked in two- and three-layer configurations, sloping aquifers
outcropping in recharge and discharge areas, and lenses, or “partial
layers”. Such effects can be quantified as differences between the fields
of flow- and/or fluid-potential in the heterogeneous domains, on the
one hand, as compared to those in homogeneous ones of identical
boundary conditions, on the other. They can thus be identified and
measured as “anomalies” of the potentiometric surface caused by
introduction of the heterogeneities [32, p. 51-59].

In general, relatively highly permeable units (e.g., lenses, laterally
extensive strata) tend to modify the surrounding flow- and potential-
fields by funneling the flow lines into their upstream parts and diffuse
them through the downstream end. The difference between the fluid-
potential values in the homogeneous and the heterogeneous basin,
i.e., the potentiometric anomaly, can be interpreted, just like some
geophysical parameters, as an indicator of the type and nature of the
heterogeneity. The potentiometric distortion effect of heterogeneities
seems to stop once the ratio of aquifer-to-aquitard permeability
exceeds 1000 [33] [32, p. 52]. This ratio was found to be a limiting value
to increasing throughflow also in the case of lenticular rock bodies by
Téth [1, p.4384, Figure 8] and Téth and Rakhit [42, p. 365, Figure 4].
Further details about the effects of various types of heterogeneities on
regional flow patterns are given in Téth [32, p. 50-70].

Two conclusions relevant to basin-scale groundwater flow patterns
and affecting the further evolution of the theory have been drawn
from the above studies:

i) The effects of heterogeneities in the rock framework on a regional
fluid-potential field are manifest as anomalies when compared to
the potential field in a homogeneous basin with the same boundary
conditions. These anomalies can be used to make quantitative
inferences concerning the causative rock body (e.g., as to its quality as
petroleum reservoir; [42]) and the regional flow field;

ii) Flow of water is possible even through the tightest appearing rock
formation.

Concept 4: Regional hydraulic continuity - Cross-formational flow [35].
(The concept leading to Sub-Theory-2)

The first theory of analyzing transient water levels during pumping
tests was based on the assumption of "ideally confined" aquifers, in
other words, that the confining aquitards are absolutely impermeable
[16]. In rapid developments, however, the concept of leakage was
proposed [18] which, by the early 1970s, was expanded to “multiple-
aquifer systems” [21]. In contrast, the question of cross-formational
flow in basin-scale gravity systems had, apparently, not been broached
until the studies of Téth [3] and Toth and Millar [36].

The conceptual similarities between leakage and cross-formational
flow of the engineering and, respectively, natural sciences, as well as
the mutually corroborative theories and observations, have lead to the
hydrogeologist's formulation of the concept of hydraulic continuity
of the rock framework. According to Téth [43, 35, p. 4): “Regional
hydraulic continuity is a phenomenological property of the rock
framework. This property is quantified as the ratio of an induced change
in pore pressure at a point of observation to an inducing change at a
point of origin. A subsurface rock body is considered to be hydraulically
continuous on a given time scale if a change in pressure at any of its
points can cause a change at any other epoint, within a time interval
measurable on the specified time scale. The hydraulically continuous
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behavior of the rock framework may be masked in large sedimentary
basins by large distances, relatively short periods of observation, and
sharp contrasts in flow-sensitive properties of subsurface fluids, such as
temperature and chemical composition.”

Concept 5: Transient flow at geological time scales [36]

Some fundamental points of understanding have been distilled
from the concept of basin-scale hydraulic continuity:

i) Time is required for the fluid potential in any point of the flow
domain to adjust, by diffusion, to changes in boundary conditions.
Consequently, a modification in the relief of the water table results
in transient differences between the actual, lagging field of fluid
potential, on one hand, and the theoretical steady-state field that will
ultimately develop and be adjusted to the new boundary, on the other.
The length of the time lag is directly, while the size of the perturbation
is inversely, proportional to the thickness and hydraulic resistivity of
strata between the modified boundary and the point of observation.

ii) As a consequence of point i), several gravity-driven groundwater
flow systems of greatly different temporal and spatial scales can
coexist in a single flow domain as, e.g., a large drainage basin;

iii) Perturbation of the fluid potential field (or hydraulic head, pore
pressure) in one flow system can propagate to other systems;

iv) Sharp contrasts in flow-sensitive fluid properties (temperature,
chemical/isotopic composition, age mass) in a flow domain do not
necessarily indicate permeability boundaries and/or absence of
hydraulic communication.
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upper parts of the basin follow the relief modification and remain
adjusted to the upper boundary. The original q, systems have
been eliminated and become paleo, i.e., extinct, flow systems, q',.
However, due to the aquitard's low diffusivity, remnant differences
in fluid potentials keep driving the gradually decaying relict systems,
q,", for a while in the lower portions of the flow region. Finally, at
time t, (Figure 3c), after sufficiently long time has elapsed for the
relict potential differences in the aquitard to dissipate, the modern,
steady-state systems, q,, are topographically adjusted and prevail
throughout the entire basin; all previous flow systems have become
extinct. They are, however, completely opposite in direction to what
was their original orientation at time t,. In between, at time t,, the
incongruous situation occurred that oppositely directed shallow and
deep gravitational systems coexisted, with the deep systems flowing
toward topographically high regions. In view of the possible wide
range of adjustment times [36], such a puzzling situation appears to be
entirely possible in a fluid regime which is hydraulically continuous
and driven solely by gravity.

Conceptual illustration of delayed adjustment of flow systems to
temporal changes in water-table relief: (a) original, t1, steady-state
flow systems, monochronous flow field; (b) transient, t2, flow systems,
heterochronous flow field; (c) final, t3, steady-state flow systems,
monochronous flow field ([35, Figure 8, p. 12]; modified from [45,
Figure22, p. 498])

Concept 6: “Perpendicular flow system™ 3-D basinal water balance/
budgets [37]

/

\ 22, p. 498)).

Figure 3: Delayed adjustment of flow systems to changes in topography on geological time scales ([32, Figure 3.26, p. 78]; modified from [45, Figure

~

/

Points i) and ii) are schematically illustrated in Figures 3a, b, ¢ [44,
32]. In the example the water table is assumed to coincide with the land
surface on a basinal scale. Modification to the current topographic
relief, S, begins at time t, (Figure 3a). S, had been in existence for a
sufficiently long time that the contemporaneous flow systems, q,, are
adjusted to it and in steady state. At time t, the land surface begins to
change and by the time t, the former upland S, becomes the new valley
S, (Figure 3b). If the rate of topographic change is higher than the
possible rate of cross-formational pressure-diffusion from the zone
below the aquitard, a flow pattern develops which is incongruous with
the relief. The now-modern flow systems, q,, in the high diffusivity
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Gleeson and Manning [37] approximated real-life simulation of
basinal groundwater balances by introducing the "perpendicular flow
system" oriented in the y direction, thus normal to the customarily
used z-x vertical 2-D plane. The model domain covers an area of 6
km by 6 km. It was designed to simulate a network of three stepwise
increasing mountain basins linked hydraulically by three mutually
perpendicular river valleys. Each basin drains into the next, larger
order stream: the small (first-order) into > the medium (second-
order) into > the large (third-order) stream [37, Figure 1]. The
“perpendicular system" flows at right angles (in the y direction) to the
primary or regional topographic gradient (i.e., parallel to the smallest
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or first order stream) from the divide of the second-order basin to the
second order stream [37, Figure 1A].

The model was applied to three different types of mountain
chains, namely, the: high relief (Himalayas), moderate relief
(Rocky Mountains), and low relief (Appalachians) with respective
topographic and recharge-rate parameters used. The study's objective
was an analysis of sensitivity of the patterns and intensities of regional-
scale groundwater flow systems in mountainous terrains to changes in
topographic parameters and recharge rates. Two types of water-table
configurations were considered: topography controlled and recharge
controlled. In the first case, the water table is a subdued replica of
the topography commonly found in humid climates and/or poorly
permeable rocks. Recharge-controlled water tables occur, on the other
hand, where recharge rates are lower than infiltration capacity as, for
instance, in arid, rugged and high-permeability areas [46].

According to the study’s results the total rate of regional flow
(flow parallel to the primary topographic gradient, i.e., to the second
order stream) is always larger than that of the perpendicular flow.
Nevertheless, the latter is “... a fundamental characteristic of mountain
groundwater systems.” [37, p. 14] The primary factor controlling the
relative rate of regional flow, as compared to the perpendicular flow, is
the position of the water table. This, in turn, is governed by the ratio
of recharge to hydraulic conductivity, R/K. Low water tables result in
larger regional (potentially >60%) and smaller perpendicular flow
components, while higher water tables induce relatively small regional
flow (potentially near 0 %). The relation RL?/mKHd=1, proposed by
Haitjema and Mitchell-Brooker [46] as a criterion for the transition
between recharge-controlled (R<1) and topography-controlled (R>1)
water tables, is supported by the study’s results. [In the relation R
is areal recharge rate, K is hydraulic conductivity, L is the width of
the principal drainage basin, H is average aquifer thickness, d is the
maximum terrain rise, and m (dimensionless) is 8 or 16, depending
on whether the problem is one-dimensional or radially symmetrical].
In cases of topography-controlled water table, regional flow depends
mainly on the level of incision of the drainage network, as measured
by the mean elevation of the first order stream relative to the mountain
ridges, rather than on the ridges’ elevation.

An important aspect of the study is the conceptualization and
quantitative definition of topographic and flow-system parameters
required to characterize controls and properties of 3-D groundwater
flow.

Concepts 7: Effects of increasingly complex hydraulic properties of the
rock framework on the Téthian flow pattern

Through the years of 2009-2011, eight mathematician
hydrogeologists at several universities in China and the USA have
co-authored, in various combinations, six papers examining by
2-D modeling the effects of increasingly complex configurations
of the rock framework’s hydraulic conductivity, K, and porosity,
©, on patterns, solute transport, water age and flushing intensity
of gravitational groundwater flow-systems in “T6thian type”
drainage basins. The common starting points of the studies were
the homogeneous and isotropic rock frameworks of Toth’s “Unit
Basin” (or "simple basin” [1,32] and/or composite flow domain
[2] ie., where hydraulic conductivity K =K =const and porosity
O=const. The complexities were increased progressively through
several cases: i) with depth, z, exponentially decaying isotropic
conductivity, K (x,z2)=K (x,z)=K exp(Az), where K= 1 m/d at the
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ground surface and A is the decay exponent with A=0 m—-1 for the
homogeneous case [47,48]; ii) with depth exponentially decaying K
and O, where K (x,2)=K (x,z)=K exp(Az) and O(x,z)= ©exp(A/n),
n=2 being the porosity-decay exponent in Athy’s law [49-51]; iii)
vertical downward increase and multi-scale anisotropy of K with
different coefficients for “small-scale” (local) anisotropy a=K, /
K, “large-scale” (regional) anisotropy al= K /K —uSaA and

—sth(AZ /2)/(Az/2)’, which depends both 0n the depth of the
basm and A as deﬁned above [52]; and iv) to anisotropic permeability
where k /k, # 1, and the horizontal and vertical components may decay
at different rates with depth: k = k_exp(az) and k_ = k_exp(Bz), and:
kx and kz are horizontal and vertical permeabilities [L2], respectively;
-z is depth below land surface with +z being elevation (positive
upward); k , and k_ are the horizontal and vertical permeabilities on
the ground surface [L°]; and a and B are the decay exponents for k and
k, respectively [53].

The principal properties of flow fields that were explicitly and
quantitatively analyzed as variables dependent on the structure of the
rock framework include: i) the general characteristics of flow patterns,
i.e., the type and geometry of the flow systems [47]; ii) the absolute and
relative penetration depths of flow systems of different orders [47]; iii)
areal distribution of recharge and discharge intensities [47]; iv) types,
positions and rigorous definition of intra flow-system stagnation
points and zones (singular points) of the flow fields [48]; v) rigorous
delimitation of flow systems of different order [48]; vi) distribution
of absolute and relative age of water in the Unit Basin and T6th Basin
[50]; vii) solute transport and residence-time distribution (RTD) in
the Unit Basin and Téth Basin, and their relevance for stream-bed and
hyporheic conditions [51,52]; viii) “flushing intensity” and “flushing
time” of flow in different parts and systems of the flow field [52]; ix)
the shape of nested flow systems and the position, particularly the
depth, of stagnation points between the flow systems as functions of
the depth-dependent anisotropy ratio (k /k ) [53].

Concept 8: Intersystem hidden channels [38]

The paper by Robinson and Love [38] is arguably the first and
only one since Téth [2] that has recognized a new elemental part in
the hydraulic structure of the "Téthian drainage basin", namely: the
"hidden channels". These novel elements are narrow pathways of water
flow which communicate between different orders of hierarchically
nested groundwater flow-systems as defined by Téth [2, p. 4798-
4806]. The channels convey water from recharge regions of a given
order of flow systems into discharge areas of the next lower order
system, e.g., from regional to intermediate or from intermediate to
local systems thus they facilitate intersystem water exchange crossing
apparent boundary lines between systems of different order. Those
boundary lines had been considered earlier as separatrix stream
functions linking corresponding stagnation points.

The "hidden channels" found by Robinson and Love (2013) are
due to a slight asymmetry of the basinal flow pattern with respect
to the vertical centerline of the rectangular flow domain. Although
an asymmetry of flow- and fluid-potential distribution in the basin
was noted earlier [2, p. 4808, point 3], its quantitative effects have
remained undetected in the past because of the truncating errors of
the calculation methods used. However, the combination of various
analytical methods employed by the authors for locating stagnation
points and specified streamlines results in solutions of higher
resolution than those of earlier calculations.
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The paper starts with a short review of numerous analyses and
discussions of Téth's [2] paper in the international literature with the
justifiable purpose to stress the novelty and significance of the hidden
channels' discovery.

Robinson and Love [38, Figure 1, Tables la and 1b] have studied
a set of drainage basins identical to those of Téth's [2, Figures 1, 2a-
2i] and presented analytical solutions for fluid potential, ¢, stream
functions, y, and horizontal and vertical velocities, v SV, respectively
[38, Egs. 9, 11 and 12].

In a separate section, stagnation points, where v_= v_= 0, and
streamlines are considered. In a flow field whose pattern is ideally
symmetrical with respect to the basin's vertical centerline the
stagnation points occur where flow systems of different order
converge or part. In such symmetrical cases, corresponding pairs
of stagnation points upstream and downstream from the centerline
develop between three lower order flow systems superimposed upon
one higher order system in the latter's recharge and discharge areas
(38, Figure 2].

As the study revealed, the stream-function values, W¥s, at
corresponding stagnation-point pairs have fundamental structural
significance for the basinal flow pattern. When these values are
identical the two points can be joined by a single streamline of a
specific stream function value. Such a streamline constitutes a no-
flow boundary between the neighboring flow systems and is called,
therefore, a "separatrix: ¥ =¥, (Figure 4a) [2, Figure 2f]; (Figure
4b) [38, Figure 5]. However, the regional decline in the fluid-potentials
from the principal water divide towards the basin's main valley causes
a slight asymmetry between the geometrical configuration of the
uphill and downhill halves of the basinal flow pattern. This asymmetry
results in differing stream function values at the two corresponding
stagnation points: W - ¥ = A¥ _ # 0. Each of the streamlines is
joined, therefore, just to one of the two corresponding "upstream”
and "downstream" stagnation points. In this scenario, and sufficient
resolution of computation, no separatrix exists linking the two points
(Figure 4c) [38, Figure 6]. Consequently, part of the water recharged
in the higher order flow system (between the red-green and black-blue
line pairs, Figs. 4b, c) will exit the domain in the discharge area of a
lower order system. In other words, adjacent flow systems of different
order will not be completely separated by a single line connecting the
pair of upstream-downstream stagnation points.

The two streamlines starting or ending at the corresponding
stagnation points envelop an intersystem flow path, a hitherto
unrecognized structural element of the basinal groundwater flow
field, named by Robinson and Love [38] the "hidden channels".

(a): Gravity-driven pattern ([38, Figure 2] modified after [2, Figure
2f]). Dashed line: equal hydraulic head, solid line: stream line, full
dot: stagnation point;

(b) Skeleton of flow pattern in Figure 4a calculated by low resolution
computing [38, Figure 5]. Colored lines are separatrices, or boundary
streamlines, between flow systems of different orders of magnitude
(local, intermediate, regional). Blue and red separatrices connect
corresponding stagnation points S-S, and S,-S, in recharge and
discharge areas seemingly preventing interflow between flow systems
of different orders;

(c) Skeleton of flow pattern in Figure 4a calculated by high resolution
computing and illustrating the channels by an exaggeration of 100.
[38, Figure 6] Improved resolution of computation shows the effect of
the regional slope of the water table.
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Figure 4: Flow net and separatrices in Tothian drainage basin ([38, Figs. 2,
5, 6], respectively (a), (b) and (c) in present paper).

Additional analyses in the paper have shown that knowledge of
the stream-functions that bound a channel allows some conclusions
also regarding their flow rates, width and the water's travel time. Such
considerations are, however, beyond the scope of the present essay.

The theoretical significance of the “hidden channels” is fundamental.
They are hitherto unrecognized structural elements of gravity-driven
basinal groundwater flow. Their ability to conduct water from one type
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of flow system into another one, considered earlier to be hydraulically
non-communicating, introduces a compelling new element into
considerations of basinal water balances as well as groundwater flow
as a geologic agent.

From a practical point of view and based on the sole study of
Robinson and Love [38] the volumes of water moving through the
channels appear to be negligible as compared to those moving
through an entire basin or even to a single flow system. However, the
calculations were done for homogeneous, isotropic, unstratified and
unfaulted rock framework with a periodically undulating water table.
Some modifications in the morphology and/or geology of the basin
may cause significant changes in the flow pattern and strongly affect
the size, shape and capacity of the channels. In turn, such changes
in the channels can have unexpected effects on both the types and
magnitudes of the geologic agency of basinal groundwater flow [54,
32].

The three primary factors that have led to the development of the
second component of the Theory of Regional Groundwater Flow
were: i) Field studies dedicated to identifying manifestations of
interaction between groundwater flow and the land surface soon after
the theory’s proposal in 1963 [26, 44, 54, 55, 25, 56, 27, 57, 58]; ii)
Numerical experiments of matter- and heat-transport [59, 60] and iii)
Recognition of the principle of regional hydraulic continuity [35].

The two fundamental causes for groundwater's active role in nature
are: i) its ability to interact with the ambient environment in situ and
ii) the organized spatial distribution of the products of interaction
(heat, solutes, eroded particulate matter, and so on) transported by the
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flow systems acting as subsurface conveyor belts. Interaction and flow
occur simultaneously and ubiquitously at all scales of space and time,
albeit at correspondingly varying intensities at different localities.
Thus, effects of groundwater flow are found from the land surface to
the greatest depths of the porous parts of the Earth's crust, and from
a day's length through geologic times. Three main types of interaction
between groundwater and environment are identified in this paper,
with several special processes for each one, namely: (1) Chemical
interaction, with processes of dissolution, hydration, hydrolysis,
oxidation-reduction, attack by acids, chemical precipitation, base
exchange, sulfate reduction, concentration, and ultrafiltration or
osmosis; (2) Physical interaction, with processes of lubrication and
pore-pressure modification; and (3) Kinetic interaction, with the
transport processes of water, aqueous and non-aqueous matter,
particulates and heat. Owing to the transporting ability and spatial
patterns of basinal flow, the effects of interaction are cumulative and
distributed according to the geometries of the flow systems.

The number and diversity of natural phenomena that are generated
by groundwater flow are almost unlimited. The abundance is due
to the fact that the relatively few basic types are modified by some
or all of the three components of the hydrogeologic environment:
topography, geology, and climate. The six basic groups into which
most manifestations of groundwater flow can be divided are: (1)
Hydrology and hydraulics; (2) Chemistry and mineralogy; (3)
Vegetation; (4) Soil- and rock-mechanics; (5) Geomorphology; and
(6) Transport and accumulation [54]. Based on such a diversity
of effects and manifestations, it is concluded that groundwater is a
general geologic agent. A schematic diagram of processes, effects and
manifestations are presented in Figure 5.

/

\\ Figure 10]).

Figure 5: Effects and manifestations of gravity driven flow in a regionally unconfined drainage basin ([54, Figure 1] modified from [61,

~

_/
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Practical Applications of the Theory of Regional
Groundwater Flow

It would be impossible to go into any meaningful detail about the
actual and possible future applications of the Theory of Regional
Groundwater Flow within the constraints of a single paper. Instead,
a list of potential fields of application is provided below together
with some appropriate references for readers of specific interests. A
collection of examples can be found in Téth [32], Ch. 5, “Practical
applications: case studies and histories”, pp. 128-243.

i) Interpretation of groundwater chemical/ionic composition [62, 63,
60, 64].

ii) Saline soil genesis and amelioration [26, 65, 66].

iii) Conceptualization of surface water — groundwater interaction in
different landscape environments [67].

iv) Groundwater resources [37,68- 71].

v) Genesis of and exploration for roll-front and tabular uranium
deposits [72-74].

vi) Petroleum migration and accumulation [61, 45, 75-77].
vii) Soil mechanics [26,78].

vii) Rock mechanics [79,80].

ix) Heat transport - Geothermics [59,81-84].

x) Groundwater age dating (a warning about isotope interpretation!
[500)

xi) Karst research [85-87].

xii) Nuclear fuel-waste disposal [88,89].
xii) Subsurface ecology [90].

xiii) Satellite hydrogeology [91-93].

Conclusion

The intent of the paper is to present a concise but comprehensive
overview of the evolutionary history, structure and possible
applications of the Téthian Theory of Regional Groundwater Flow.
From a personal perspective it is the final work report on a lifetime
scientific project.

Regional, or basinal, groundwater flow is defined here as “the
gravity driven cross-formational motion of groundwater at spatial and
temporal scales that are commensurate, respectively, with dimensions
of the natural topographic relief and with the human and geologic
time spans” This umbrella theory comprises two sub-theories,
namely: 1) "The Hydraulics of Basin-Scale Groundwater Flow and 2)
"The Geologic Agency of Basin-Scale Groundwater Flow".

"Sub-Theory 1" deals with the spatial and temporal distribution
of groundwater motion in natural drainage basins. It is based on
the concept of the fluid potential, @, and its first version, the Unit
basin, was proposed in 1962. The original concept has been refined
by several major modifying attributes during the next five decades.
Each of the modifications has increased the structural complexity of
earlier basinal flow patterns, thus approaching reality progressively.
In the meantime, the theory has caused a shift in the understanding
of basinal groundwater hydraulics. The shift has occurred from the
classical paradigm of "confined, or artesian, aquifers" (pipe flow
from outcrops to outcrops in highly permeable strata) to the modern
paradigm of “regional hydraulic continuity of the rock framework”
(cross-formational flow systems from recharge areas to discharge
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areas). In other words, the modern paradigm is “cross-formational
water flow in hierarchically nested patterns of regionally unconfined
basin-scale systems".

The paradigm shift has had a seminal consequence. It has resulted
in the recognition that the hierarchically systematized basinal
flow of groundwater is a multifarious geologic agent. It is also the
sole transportation mechanism that is present ubiquitously and
simultaneously in the Earth’s crust. "Sub-theory 2" is founded on
this recognition. Even the presently known natural manifestations
of the effects and processes of regional groundwater flow-systems
are too many to enumerate and it is highly probable that many more
will be discovered and understood in the foreseeable future. Suffice,
therefore, only to say here that many such effects and processes,
or even just their recognition and understanding, can be, and are
already, advantageously exploited for human purposes as, for instance
in exploration for and development of groundwater resources;
agriculture; environment protection; civil engineering; nuclear
and other types of waste disposal; geothermal energy development;
exploration for petroleum and some types of metallic minerals;
and so on. In summary, the two Sub-Theories mutually interact to
promote the growth and refinement of one and other. Refinements
in the understanding and portrayal of basinal flow patterns by
the theoretician improve the scope and reliability of their practical
applications which, in turn, spur further theoretical developments in
basinal groundwater hydraulics.
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