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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Introduction

Chin-Fu Tsang
E. O. Lawrence Berkeley National Laboratory

July 8 - 9, 1997
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Emest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720



Hydrogeology research has been very active in both Russia and the U.S. because of the
concerns for migration of radioactive and chemical contaminants in soils and geologic
formations, as well as for water problems related to mining and other industrial
operations. Russian hydrogeologists have developed various analysis and field testing
techniques, sometimes in parallel with U.S. counterparts. They also have substantial case
histories (e.g., Chelyabinsk, Tomsk, and others), which are of significant interest to
hydrogeologists in general.

These Proceedings come out of a Seminar held to bring together a small group (about 15)
of active Russian researchers in geologic flow and transport associated with the disposal
of radioactive and chemical wastes either on the soils or through deep injection wells, with
a corresponding group (about 25) of American hydrogeologists. The meeting was
intentionally kept small to enable informal, detailed and in-depth discussions on
hydrogeological issues of common interest. Out of this interaction, we hope that, firstly,
we will have learned from each other and secondly, that research collaborations will be
established where there is the opportunity.

The LBNL Russian-American Center for Contaminant Transport Studies was set up in
1993 for the purpose of promoting in-depth scientific interaction and research
collaborations between Russian and American scientists. It is under the auspices of the
Center that this Seminar was organized and conducted. We were happy that we were able
to attract a number of the most active and authoritative hydrogeologists from Russia to
attend. These included Drs. Eugene Drozhko and Yuri Glagolenko of Mayak P.A., and
Nelly Vasil’kova of PSA Hydrospetzgeologiya, who have been investigating the
hydrogeology of the most radioactively contaminated site in the world, the Chelyabinsk-
Mayak site. Dr. Andre Rybalchenko, who has been studying deep injection disposal of
liquid radioactive wastes for many years, came with Dr. A. Zubkov, who is involved in
geotechnical monitoring of deep injection wells in Tomsk. From Russian Academy of
Sciences were Drs. G.I. Barenblatt, Valery Mironenko, Alex Pek and Victor Malkovsky,
representing many years of experience in the dynamics of fracture hydrology and
hydrogeology of mines. Dr. Barenblatt was recently made a foreign member of the U.S.
National Academy of Sciences. Drs. Sergey Pozdniakov and Andre Kuvaev came from
Moscow State University and Dr. Igor Pashkovsky from Geolink Company. We were
also pleased to receive Dr. Yun Tatarchuk, the Director of PSA Hydrospetzgeologiya,
who provided insights from his many years of experience of doing geology in Russia.

This group of Russian hydrogeologists was joined by U.S. scientists in the Seminar for
two days of discussions that were informal, open and intense. This proceedings presents
the summaries and viewgraphs from the presentations. What cannot be conveyed here is
the warm and cooperative atmosphere of these interactions, both inside and outside the
formal sessions, which may well lead to future collaborations. One example of a possible



future joint effort is the proposal of establishing an international council of deep injection
disposal of liquid wastes, which will be pursued in the coming days by several
participants of this Seminar.

For the organization of this Seminar, we would like to express our appreciation for the
consistent and continuing support of Berkeley Lab Director Charles Shank, Deputy
Director Pier Oddone and Dr. Sally Benson, who is the Director of the Earth Sciences
Division of the Berkeley Lab. We are also most grateful for the advice and guidance over
the years from the Scientific Advisory Committee of the Center, Dr. N.N. Egorov of
Russian Federation Ministry of Atomic Energy, MINATOM, Academician N.P. Laverov
of Russian Academy of Science, and Professor G.T. Seaborg of Berkeley Laboratory.
The interest and encouragement, as related to deep injection disposal, from Bruce
Kobelski and Robert E. Smith of The Environmental Protection Agency, Office of
Drinking Water and Ground Water, are very much appreciated. We are thankful for the
funding support jointly from the U.S. Department of Energy, Office of Energy Research,
Office of Basic Energy Science, Geoscience and Engineering Division and from the U.S.
Nuclear Regulatory Commission, Office of Nuclear Regulatory . Research. Bechtel
Environmental Company of San Francisco also provided a gift to support some of the
activities of the Seminar, which is gratefully acknowledged.




Environmental problems at the Mayak Site

Drozhko Eu G. and Glagolenko Y. U.
Production Association MAYAK
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Lake Karachai (reservoir 9) is situated in the territory of "Mayak" PA. Since October
‘1951, the lake was used as the depository for technological radioactive waste, permitting
the stopping of discharge of waste into the river Techa. By the autumn of 1962, the
water level of the reservoir was increasing, and the water area had enlarged to 510,000 m?
as the result of the discharge. The period of 1962-1966 was the low water period. Water
level decreased, and about 23 000 m? of the banks and 20 000-30 000 m2 of the reservoir
were exposed. About 600 Ci was transferred from the exposed banks of the reservoir
because of wind re-suspension of the bottom sediments. ' The major part of transferred
radionuclides precipitated close to Lake Karachai, but also at sites northeastward and
eastward from the enterprise. After this accident, special work was conducted to
eliminate the recurrence of such accidents. During 1967-1971, the bare parts of thé banks
and shallow places were covered. Then the edge of the reservoir was graded and reinforced
with stone. As the result of this work, the banks of the lake were raised along the whole
perimeter, and its water area decreased to 36 ha. As part of regime observations, water
level monitoring was started. When the water level was lower than the allowable mark,
clean water was added to the reservoir. Because of filtration of the industrial solutions
through the bottom of the reservoir, and their further migration to the discharge zones,

contamination of the ground water around the reservoir occurs.

Presently, Lake Karachai contains about 120 million Ci of beta-active nuclides. During
the time period this reservoir was used as the depository, about 3.5 million m® of
industrial solutions were discharged to ground waters. The contaminant ground water
plume, with an area of 10 km?, was formed under the lake. The velocity of the spatial
distribution of contaminated ground water in some directions is 80-100 m/year. By the
1990s, the contaminant plume neared the Mishelyak River. Because Lake Karachai 1s the
source of the radioactive contamination, it was decided to eliminate its water area. In
1978-1986, a special technology was created to cover the reservoir with rock and hollow

concrete blocks, which allowed us to immobilize bottom sediments. From 1985 to the



present, work on covering the lake continues. As a result, the water area of Lake Karachai
was about 150 000 m? by the end of 1995. Eighty percent of the radionuclides which
were accumulated during the period the lake was used were localized within the covered
area. The entire work should be completed, with the total elimination of the water area

and its technical recultivation, in the course of the "green loan".

Experiments on estimating the  impact of Lake Karachai on the environment have been
held since the beginning of its use as a depository. Special observation posts to monitor
surface contamination were installed, and the network of hydrogeological monitoring wells
was equipped to trace the spread of contamination in the underground hydrosphere.
Besides, detailed observations of the geological, structural, and tectonic zoning of the area

were conducted, and hydrological conditions, migration parameters, etc. were verified.
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BOMPOCH PADUALLUOHHOW BE3OMACHOCTH Ned, 1996

Puc.4. CxemaTuueckHit BepTHKNbHNIL pa3pe3 BogoeMa-9.
OtpaxeHO pacnpeaeneHHe TEXHOMEHHHBIX JOHHBIX OTNIOXKCHHH, NPHHATOE NPH MOAEAHPOBAHHH:

* cnpaBa - OGeper, CO3NaHHbIA OTCHNKOMA - 3AKPHTHEM ObBlUICH aKBATOPHH BOAOCMA;
LOHHBIC OTNOXEHUS BOUIC KEN0 XapaKTePH3YIOTC] NMOBbILUCHHOM MOWHOCTHIO BCICACTBHE
BLITECHEHHR (CTPCNKAMH YKa32HO HafPaBACHHS OTCHINKH);

* ClieBa - €CTECTBEHHMH Geper ¢ YKpEIUIeHHBIM KaMHEM OTKOCOM, Y KOTOPOroO nounue
OTIOXEHHA BHIKJIMHHUBAIOTCA A0 Hyns (WK xe Oeper, rac M3-32 HE3HAYUTENABHOO
KONHYECTBA TEXHOMEHHBIX AOHHBIX OTAOXKCHHH HE MPOUCXORHT YBEIHUYCHHA HX
MOLLLHOCTH fiepen PPOHTOM OTCHINKMK).
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CYLIeCTBEHHOe 3arpsasHenue ruapocetH. O6BeKTaMM MOTEHUHATLHOTO yiuepba
OYOYT MecTa BO3MOXHOIO BEIXONA 3arpA3HEHHBIX TIOA3EMHBIX BOX Ha ITOBEDXHOCTh
3eMJIM M AeHCTBYIOIKE BOXO3a6OPHEIE COOPYXEHHUS M 3KCIUTyaTAlHH ITOA3CMHBIX

BOI, PacIIOJOXEHHBIE HA MYTSX PacrpoCTPaHEHMS 3arpsA3HCHMA.
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Puc.6. PacnipocTpaHeHHe 3arps3HeHMs oT Bogoema Kapavai
B TOPHM30OHTE NMOA3CMHEIX BOA IO COCTOSIHMIO Ha MapT 1994 r.
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Mayak Site Characterization:
Interpretation of Field Tests for Evaluation
of Hydraulic Properties of Fractured Rocks

Drozhko Eu. G., I. A. Ivanov, A. Aleksakhin
Production Association MAYAK

Samsonova L. M. and Vasil’kova N. 1.
P.S.A. Hydrospetzgeologia

July 8 - 9, 1997 _
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Ermest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720
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Lake Karachay is the main source of ground water contamination for the investigated area.
During the time this reservoir was used for liquid waste storage, about 3.5 million m® of
industrial solutions were discharged to ground waters. Industﬁal solutions of high density
pass from the reservoir into the ground water, forming the plume of chemical and
radioactive contamination with an area of 10 km2. Ground water density within the
plume is 1.02 - 1.04 g/cm’. Monitoring of the contaminant migration is being conducted
through a system of observation wells. The calculated velocity of contaminant plume

spfeading exceeds 70 m/year. This situation demonstrated the necessity of a scientifically
well-grounded prediction of contaminant transport in ground water. There were three
matters of concem that required prediction: contaminant plume‘spreading both in plan
and with the depth; assessment of the values of possible contaminant discharge into the
Mishelyak river; and estimation of the efficiency of proposed countermeasures aimed to

prevent the contaminant plume from discharging into the river.

The contaminant migration is govemed by several natural and artificial factors. In this
special case, numerical modeling is considered to be the best instrument for forecast
calculations. The development of a numerical model of the contaminant transport from
Lake Karacha in ground water in the Mayak site was initiated in 1990. Models have been
developed within the framework of joint activities of PSA Hydrospetzgeologiya
(Moscow, Russia), Institute of Physics and Power Engineering, IPPE, (Obninsk, Russia),
ancj Production Association (PA) Mayak (Ozersk, Rﬁssia). The work has been
implemented simultaneously in two directions: one is the development of software for
modeling; the second is the definition of the conceptual scheme of the modeled domain
and provision of the model input data. This work was accomplished, taking into account
the following :

i. the high density of the contaminating solution,

ii. the fractured rock mass is strongly heterogeneous and anisotropic,

ii. the high velocity of contaminant migration,

16



iv. the relatively high level of ground water in the area containing contamination, and the

hydraulic connection between ground and surface water.

The modeled domain consists of 'highly fractured rocks. Two types of fracturing were
defined. One of them, so-called 'regional' fracturing, includes weathering fractures and
lithogenetic fractures. The linear fractured zones are of tectonic origin. The predominant
North-South direction of these zones is the common orientation of the Ural's tectonic
structures. Fractures of different types superimpose, and as a result, the rock mass has a
definite block structure. The range of fracturing may vary within wide limits, both in
plan-view. and in depth. Ground waters are contained by the fractured rocks, weathered
zones of these rocks, and by alluvial deposits. All water-bearing horizons are interrelated
and form a unified aquifer with a common water table and common ground-water flow.

The thickness of this unified aquifer is determined by the thickness of the zone of regional
fracturing, and varies from 50 - 80 to 130 - 190 m. Watered zones of fractures sometimes
occur at depths 500 m and more, but they cannot be considered as part of the unified
aquifer.

Over 30 years, about 300 wells were drilled within the territory with the aim to monitor
contaminant transport. Well investigations include stratigraphic and structural
interpretation, revealing fractured zones, hydraulic properties determination,
telephotometry, resistivity logging, and other types of geophysical logs. All hydraulic
tests conducted can be divided into the following types:

1) single well pumping tests;

2) injections into screened intervals of the well, or packer tests;

3) cluster pumping tests.

The reliability of the information obtained by different types of tests varies. The data of
cluster pumping tests are considered to be the most reliable. The distinctive feature of
water-beariﬁg rocks are the nonuniform values of transmissivity and appreciable

anisotropy. For example, a cluster pumping test is described. The productive well 225/70

17




(Fig. 2) penetrated the fractured porphyrite in the depth interval 12-51 meters. The
duration of this pumping test was 8 days. The anisotropy of transmissivity is illustrated
by Fig. 5, where the depression cone shown by isolines of drawdown has an elliptical
form. The graphs of drawdown in observation wells show the distinct quasi steady-state
filtration regime (Figs. 3,4). The average values of transmissivity T and hydraulic
diffusivity a were calculated. T is equal to 200 m2/day. The parameter T calculated for
the direction of line I is in 1.4 times smaller than T defined for perpendicular line II. The
results obtained by the field tests show that transmissivity ranges from 0.7 to 800
m?/day. Such a wide range of parameter values points out that the water-bearing rock is
very heterogeneous. Thus, it is incorrect to extrapolaté values of the rock's hydraulic
properties obtained at a discrete point to the entire rock massif. Accordingly, the modeled
domain was divided to rather small zones in which the hydraulic properties were taken to
be homogeneous. This scheme was verified by a calibration procedure of the 2-D model.
The hydraulic head measured in monitoring wells was used as the calibration target,
together with the calculated annual rate of discharge from Karachai Lake to the ground
water. The 3-dimensional problem required additional information about the vertical
structure of the modeled domain. Here, each sector marked as conventionally
homogeneous was represented as a layered mass in cross section, and the layers were
defined by their conductivity and fractured porosity. To obtain these values the following
information was used :
o the results of the intervals injection which had been carried out in 1968 -1970;
o the curves of rock fracturing obtained by well core investigation;
o the results of statistical processing of the hydrogeological parameters from data of
single well tests;
o the results of characterizing the fracturing by the telephotometry method;
o the results obtained by cluster pumping tests from wells penetrating different depth

intervals.
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The obvious .inforrnation about hydraulic conductivity distribution in depth was obtained
by interval injections. The calculated parameters were correlated with the number of
fractures per 1 m of the core in the injected wells.. For this purpose, the graphs for
fracturing and hydraulic conductivity with depth were grouped for the wells situated to
the north (Fig. 6) and to the south from B-9 (Fig. 7) The dependence between the
pararheters and their decrease in depth was adjusted by comparison of the curves for 25
wells, with the exception of the cases when separate large fractures at depth provide

significantly increasing inflow.

However, such exceptions are not representative for thé modeled domain. Therefore it is
assumed that highly fractured rocks (more then 10 fractures per meter) with maximal
hydraulic conductivity values, are distributed up to depths 30- 50 m from the surface.

Below in cross section, rocks grade into mid- and slightly fractured, and pass into a
uniform mass of a relative aquitard. Predominant hydraulic conductivity values in the
interval from 30-40 m to 70-80 m vary from 0.01 to 0.5 m/day. The depth of the rocks
with hydraulic conductivity values less then 1.0-2.0 m/day and with fracturing less than
10% of common fracturing in the section, was accepted as the top boundary of the
relative aquitard. Besides the fractured media conductivity, the 3-D model formulation
required assessment of the rock capacity characteristics, such as fractured porosity or/and
specific yield. For example, Table 1 shows the values of fréctured porosity obtained by
the nitrate balance method. The method is based on analysis of the spatial distribution of
nitrate-ion plumes from Lake Karachai and Reservoir-17 in rock masses under these
lakes. The changes of the fracture porosity values with depth were assumed to be
proportional to the amount of fractures observed by core investigations. Figs. 10 and 11

illustrate the information obtained by the nitrate balance method. The results of
calculation of réck capacity characteristics, using different methods, are presented in

" Table 2. Obviously, the fracture porosity corresponds to the specific yield, so one can

19




use any of the parameters in the hydrodynamic model or the model of the neutral
component (nitrate) transport. Also, the most reliable information on parameter
distribution is provided by .telephotometry, which makes it possible to find features of

fracturing distribution, as well as to define hydraulic conductivity changes with depth
(Fig. 8).

Thus, the 3-D scheme of the modeled domain was determined. Accordiné to the scheme,
each zone of the 2-D model was presented as a multi-layered prism in vertical cut. This
scheme was also justified by model simulation of nitrate-ion migration in ground water.
The comparison of the configuration of the contaminant plume shown in isolines of
nitrate concentration obtained by 3-D modeling énd from the monitoring data show good
concordance. It permits us to consider the scheme as acceptable for the current stage of

3-D model development.
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Table 1

Specific storage values calculated by processing of ground water contamination data (balance method)

Specific storage value for depth interval (m)

Area 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-9090-100 100- 410- 120- 140- 170-
110 420 140 170 180
South of Karachai ] 0.018} 0.013 | 0.011 | 0.0069}0.0043} 0.0039 | 0.0034 | 0.0017]0.0011}0.00069
North of Karachai | 0.019| 0.014 } 0.0095} 0.006 }0.0047| 0.0034] 0.0026 | 0.0017}0.0017] 0.0013
Adjacent
to Reservoir-17 |0.024| 0.022 | 0.02 | 0.017 | 0.0156] 0.01 | 0.009 | 0.008 | 0.007 | 0.007 |0.0017{ 0.0026 | 0.0026}{0.0017| 0.0002




Table 2

Average depth-weighed values of calculated parameters

Calculation method | Fractured porosity Specific yield
Balance method 6.4*10°°
( lake Karachai site)
Balance method 8.5*107
( Reservoir 17 site)
| 9.3*107
Telephotometry
3.5*10°
Monitoring data processing 5.5*1073
( lake Karachai site)
Monitoring data processing 4.7*10°°
( south of lake Karachai )
Cluster pumping tests interpretation
Production well: 225/70 | 9.8*10°
164 3.4*1073
172 5.3*10°
7148 3.3*10°
Range of calculated values 3.5*10°-9.3*10° | 3.3*10%-9.8*103
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The main goals of geotechnical monitoring at injection waste sites of the _Siberian
Chemical Combine are: monitoring of safety of injection processes and surface reservoirs
containing nuclear waste; providing field information for injected plume body mapping;
and risk assessment for potential population radioactive exposure due to injection. The
network of monitoring wells (Fig. 1, 2) provides the basis for monitoring. This network
allows monitoring of ground water in all aquifers, including two injection aquifers (N1
and N2) and the overlying hydrogeological system. The information obtained by using
this network and collected in a database includes geochemical sampling of ground water,
geophysical well logging, and ground water level measurements. Surface electrical and
radar measurements are used for monitoring around the surface reservoirs containing
nuclear waste. This type of monitoring has allowed us to find the places of local ground
water contamination of the upper aquifer due to leakage, and to estimate the present

condition of the bottom clay barriers of the surface reservoirs.

The results of monitoring at the LLW site 18 (Fig. 1) are given in this presentation. Fig 3
shows the geological cross section for the area of the injection site. Fig 4 shows the latest
map of the ground water level in injection aquifer N2. Fig 4 also shows the current spatial
distribution of the front of injected wastes, the transient zone of contamination due to
- injection into ground water, the internal contaminated zone, and the zone of natural
ground water composition. Analyses of the results of geochemical sampling show the
- consistent pattern of ground water chemical composition changes. The changes depend on
distance from the front of the injected wastes. Increase of organic C is observed in the
internal zone. The ground water acidity increases far from the front part of the transient
zone, and it decreases close to the front. The chemical composition of the transient zone
is characterized by the increase of SO, Cl, Ca, Mg, and Fe, due to processes of water-
rock exchange. This zone also contains some specific components from injected wastes.
The inner part of the contamination plume behind the injection front has, essentially, the
chemical composition of injected the wastes. Delay of radioactive elements due to the
sorption capability of the geologic medium, in comparison with the neutral component, is

shown in Fig 5. It was found that, on average, the velocity of radioactive element
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spreading in the ground water is 1.5 - 3 orders of magnitude less than the velocity of the

neutral component.
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The injection polygon at Tomsk-7 showing the two injection regions
and a cross-section of the layered injection scheme for low, intermediate
and high-level liquid waste.
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The solution of practical problems in the storage and disposal of radioactive wastes and
remediation of environment the regions of surface contamination and ground water
pollution, is based on the results of investigation of the geological formation as a medium
of radioactive contaminant transpbrt, including radionuclides migration with ground
waters in porous rocks. Investigations include preparation of process theoretical models,
laboratory study to verify models and parameters, and experiments under natural
conditions in the regions of artificially caused and existing ground water pollution.
Results of protracted observations and investigations in the regions of deep-well injection
of liquid radwaste are of great interest. In Russia, deep-well injection has been conducted
since 1963 - in Tomsk (Siberian Chemical Combine),Krasnojarsk (Mining and Chemical
Combine), and Dimitrovgrad (Research Institute of Atomic Reactor). The total volume
of disposed wastes exceeds 40 million. cubic m., the volume of the geological medium
occupied by radioactive wastes is nearly 250 million. cubic m., observations are
conducted through several hundred wells, and include determination of ground water
levels (piezometric surface), ground water analysis (composition), and geophysical

characteristics.

As the information obtained is voluminous it can not be given in this report, so the
present paper gives the conclusions and observations considered reliable. Proposals for
further investigation of deep-well injection sites of Russia are discussed in connection
with their preparation for shut-down and according to the assessment of impact on the
environment of disposal sites for long periods of time. The results of the investigations
" may be of interest for solution of similar problems of predicting the extent of environment

contamination and its remediation.
The paper does not give site descriptions as they have been presented earlier [1,2].

The following model of the geological medium at the injection sites is accepted :
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The reservoir horizon with porous rocks is isolated from above and from below by strata
of relatively impermeable clayey rock. The upper part of geological formation includes a
few permeable and confining layers, isolating the reservoir horizon from shallow ground
waters and the surface. Within the area of possible influence of injection, the connection
of the reservoir horizon with the upper layersis absent, includingv vertically permeable
tectonic zones. The reservoir horizon is non homogeneous with respect to its filtration
properties. It consists of zones and layers of different permeability, separated by zones and
layers of lesser permeability.

During injectioh, the wastes move from the borehole through the well screen into the
reservoir, where they fill the pore space, displacing formation waters and partly mixing
‘with them. Thus a zone of mixing at the border of wastes-rock-water is formed. As a

result, a "pool" of wastes appears in the reservoir.

After injection is stopped, wastes are displaced and migrate under the natural movement
of ground waters. The main factors defining the distribution and migration of waste
components are:

(i) natural characteristics of the reservoir horizon and the rocks forming it,

(i) conditions of waste injection through the well-screen into the reservoir horizon,

(iii) hydrogeological conditions of the reservoir and the region of the disposal,

(iv) geochemical interaction between waste components, rocks, and water.

The dependence of the waste's distribution scale and volumes of injected wastes is

obvious, and is not discussed in detail.

The major characteristics of the reservoir horizon defining the scale of waste distribution
are the effective thickness - the sum of the most permeable layers of the reservoir horizon
and effective porosity - the part of the reservoir horizon's pore space filled with wastes.
"Specific capacity" of the reservoir horizon is an integral characteristic; it characterizes
the volume of wastes per square meter of horizon area: the product eﬁ'ective thickness
(m) and porosity (n):

E=mxn.
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The magnitude of Specific Capacity depends on many factors, so it is convenient to use it
for comparative assessment. For deep storage of liquid radwaste in Tomsk and
Krasnojarsk, the reservoir horizon, which consist of sand and poorly cemented sandstone,
the specific capacity is in the range of 3-6 m., and for deep storage in Dimitrovograd with
a limestone reservoir horizon dominated fracture porosity, the specific capacity less than

1m.

According to observations in operation of deep storage in Tomsk and Krasnojarsk
(gamma-logging) it was found that the effective thickness of horizons is 2-3 times lower
than predicted, using the data of the preliminary study.

Fig.1 gives data of geophysical investigations of one of the deep storage boreholes in
Krasnojarsk. The effective thickness is 30 m., according to resistivity logging and
sampling (A,B). A similar thickness was found from study of the injection well, which -
disposes in 50 m.(C-hydrological logging, D-radioactive tracer).

Gamma-logging and temperature-logging data show the real disposition of wastes (E, F,
G, H). The effective thickness of horizons is 10m. The effective thickness of the layers
and distribution of intervals cbntaining wastes depend on the conditions of waste
injection: the state of the screened zone of the well and the pressure of injection.. Pore
clogging of permeable intervals of the horizons causes redistribution of waste containing
intervals. Different permeability of layers of reservoir horizon causes differences in waste
- advancement. Fig. 2 gives the plot of the growth of the effective thickness of the sandy-
clay reservoir horizon in accordance with the volume of injected wastes on observation
wells A-4, A-2, A-58 (Krasnojarsk). The variability of the layers' permeability along the
horizon is described by the dispersion system on a macroscale. The effect of double
porosity appears as the reservoir horizon is filled with wastes: the part of the pore space
containing the waste increases over time, causing the growth of specific capacity of the
horizon. The porosity of sandy-clay horizons increases two or three times; it is reservoir it
is significantly less in the limestone reservoir. The pressure of waste injection influences
the intensity of distribution of wastes through the well's receiving intervals. At a specified

intensity of injection, the pressure influences waste distribution only to a small degree up
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to definite values of the pressure. After these values have been achieved, sharp growth is
observed in the waste distribution by some intervals in the formation as a result of
hydrofracturing. Use of high injection pressure (higher than hydrofractured pressure) to
affect the layer even under condition of short duration, may have unforeseen consequences
at Dimitrovgrad; after thrice-repeated hydrofracture a thin bed of cavernous vuggy)
rocks began to fill with wastes, leading to rapid distribution of wastes exceeding the
predicted distribution.

Low injection pressure does not practically influence vertical filtration nonuniformity.
However, when choosing optimal values, it is advisable to conduct flow in the well to
obtain an indicator diagram. Vertical migration of waste components through overlying
confining beds was not significant, within the limits of accuracy of observations, by
radioactive logging, ‘of filtration and diffusion processes in clays. The only reason for
waste vertical migration was deterioration of the technical state of the injection wells -
isolation of the annulus and leaks in the casings. Dispersion of the injected waste front is
shown by formation of a mixed zone within the strata zone, but significant extension of

the waste dispersion area has not been observed.

There is dependence of the dispersion coefficient on waste movement velocity, with
slowing down as waste moves from the injection well and delay processes develop in the
distribution of waste components. In the formation of the transitional zone, density is
changing monotonously between wastes and strata waters, reducing the gravitation effect

on waste distribution. Bedding of the reservoir horizon is an additional factor reducing the

gravitation effect.

Following are results of the observations: gamma logging (Fig.1) shows that gravitation
differentiation occurs only within the limits of the layer (for example 390.5 - 394.0 m )
and is represented by an increase in indices at the bottom of the layer. As a whole, similar
phenomena in the bed not are observed. To investigate the location of retention rock
properties, we have used the passage of the waste front through the observation well.

Radioactivity logging, which defines the gamma-emitting nuclides content in the rocks,
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and temperature data resulting from energy release of radioactive decay, indicate the
concentration of nuclides in the rocks. Delay of radioactive nuclide migration by the
rocks depends on several factors, which include the salt concentrations of the wastes and
'strata waters, structure of pore space and rock composition, nuclides content and their
form, and the acidity of the waste. Observations of the movement of the waste front
through the section of the observation wells allow us to draw some conclusions:

On injection of wastes with low salt content into the sand-clay reservoir horizons
containing fresh waters, radioactive nuclides are transferred to the solid phase by sorption
on the rocks. The observations at the LLW site of the Siberian Chemical Complex show
that the radius of nuclides dispersal from the injection well is 5-10 times lower than the
radius of nonradioactive tracers contained in the waste, indicating a nuclides migration
delay of factors of tens to hundreds. On injection of the wastes of high salt content, there
is less delay of nuclides in the zone where rock is saturated with wastes. This zone has
dispersal coefficients of some units. Along with this, the delay increases as the salt content
decreases, resulting in diminution of the nuclides dispersion zone.

The least delay is observed in reservoir horizons, containing salt .waters, which are
characterized by predominance of secondary porosity, as observed in the limestone
horizon of the deep repository in Dimitrovgrad. With increasing acidity of wastes, the
retention of nuclides decreases. So in injecting wastes with high salt content and pH 1 -
2, the dispersion coefficient of Sr-90 is 0.51. The results of investigation of retention
properties of the rocks differ from the laboratory data. Values of dispersion coefficients
are found to be less and the nature of interaction non-balanced and much more
complicated in comparison with the laboratory data. This can be explained by the presence
of nuclides in different forms in wastes, and their effect on the nature of their interaction
with rocks. Parameters, including the distribution coefficient, double porosity effect, and
the necessary nature of nuclides retention are insufficiently investigated in the laboratory.

The delay of nuclides migration is essential in the assessment of the consequences of

waste injection.
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While discussing the results of nuclides migration in the regions of deep well injection of
liquid wastes in Russia, a question is often raised concerning the compliance of these
results to earlier predictions. Considering the change of the piezometric surface of ground
waters, there is practically full compliance within the limits of prediction accuracy for
sandy-clay reservoir horizons in Tomsk and Krasnojarsk, and worse compliance for
fractured beds, containing salt waters in Dimitrovgrad. This may be explained by the
significant difference between the density of strata water with a salt content up to 250 g/l
and the density of wastes.

Migration of nuclides and chemical contaminants in the reservoir-horizon is less than
predicted for the‘ sandy-clay reservoir. This may be explained by the increasing role of
acting porosity as the reservoir-horizon is filled, and delay of migration resulting from
geological interactions. Migration is hard to. predict for the fractured reservoirs, so the
predictions must to be done with a reliability factor. Therefore, in fractured rock; the
localization of injected wastes within the boundaries of the subsurface exclusion zone is
less assured. | '

Vertical filtration and diffusion in overlying conﬁning beds is not revealed by

observations within the limits of accuracy of applied methods. Vertical migration can be
explained by well transfer of wastes due to deterioration of the cement seal in the well's
annulus. Heating up of the geological medium resulting from energy release connected
with radioactive delay is observed in injecting HL Wastes. Prediction calculations have
been confirmed with great accuracy. The results of solving the inverse problem permit
assessment of the concentration of the energy releasing nuclides in rocks from the wastes

with high acidity. The value of the distribution coefficient is of 0.5-1.0.

Study of deep repositories for liquid radioactive wastes is to be continued. Drilling control
wells in the areas of waste distribution, their investigation and examination of core samples
is one of the directions of the work. Investigation of the stability of nuclides retention by
rocks is a primary task, as well as nuclides forms and compounds resulting from
interaction of wastes during a long period of time. Another important area is vertical

migration of waste in clays overlying the reservoir horizon resulting from diffusion and
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filtration. It is proposed to first drill and investigate wells in the zones of dispersion of

LLW, and then MLW and HLW.

References.
1. Glubinnoe zahoronenie gidkih radioaktivnih othodov. IZDAT, Moscow.1994 (in

Russian)

2. Rybalchenko, A. I, M. K. Pimenov and V. M Kurochkin. Scientific and Practical
Results of Deep-Injection Disposal of Liquid Radioactive Wastes in Russia. In: Deep
Injection Disposal of Hazardous and Industrial Wastes. Academic Press, 1996.

53



300
200
100

100

200
300

200

io0

100

200 |

300

injection polygon at Krasnoyarsk-26 showing the bounding tectonic fault and
a cross-section of the layered injection scheme for low, intermediate and
high-level liquid wastes :

Permeable Strata

“Poorly” Permeable Strata
Basement Rocks
Alluvial Deposits

Radioactive Waste Disposal
Zone

Tectonic Fault

~ Geological Cross-Section Line
and Exploratory Wetls (plan)

Explorétory Wells
0 swwo . "Polygon” Boundary

@ Stratigraphic Index

25x 105 m® LLW

2.0x 105 m® ILW, HLW

$G95100288.3C

54



410 4

resistivite injeotion well gamma - logging temperature
WL & D LU . ' .
&0 100 ouM| 5 10 15 5o 13 20 40 60 320 370 ™0 12 13 1,C
ﬁ ——tm
E 18-03-72 100572 24-10-72
2 on
1966 241073
L 1:5
! >>“
D) E) F) a) H)

Fig. L. Geophysical investigation of well A-4.




\ -l.".lc'-'»l.l-"

W & S B G b e 8 mmm——— 8 m— 0 e

MMM 2 B0 S0 Be 1 0 I R e )

8

Q A u. i : ‘_ .
<+ HHH H
.” fLI1JI H - ”h.lf
i ILﬁljﬁll_l I J‘\llq.g..;””ll
LAAR e gl ) e
pu -2l
CHHHHHAT i
Hitiladalatily {HH
MR rrrrm -1 H 1 H
thily AL TR #4
. HHHHHAM HH HRH
< o s i - T.j.ll
THU wAAJ i L HHEHH
' AAAHHAAAR H M H I ﬁ
A. 11 ﬁ. 111 1[1 TI1 I.HPWI"IJ
A e
u. 11| ..|Jl ﬁJJJT # [lll‘lmwlr”g_l
A ARRRERE | | A HH HH
H H # = ;4] H als Lwﬁﬁ
HHHRH A A
; THHHHHEH TR
.. Tlr..l%nl..A — ..Il.wl..
- &
. slakulafs u nitm e
5 s s 88 § 38

Dymy trovograd

injection facility,

. Deep-well

H
ction line

=

4 - allotment

X ble rocks,
acility; €& - outline of waste
. 8 - well; 9 - s

unpermea

2
zon collector;

sable rocks;
5 - boundary of

~ perm
boundary;

7

%
s 2

1

waste in hori

56



M 36
32 ' . Pre}ﬁnim;ry investigations ‘
SO VU WU N WA N W VO N N W N
28‘. . . .
24
- b2 |

§ ' )‘,-4&-—-———4&-"""’"‘
:g‘ 20. ’«( .
2 s AS8
3 i _—0
&3 A y : "

16 x’/ /o/

1 P -
{ __,,o/
12 /.?
/* A4
o, B
8 V4 — ‘
7
4 ﬂ'/o/
o | % |
) 20 40 60 - 80 100 120 140

| Volume injection, 1899 cub. m.
Fig. 2. Dependence of effective thickntess of volumes of injection wastes.

57



Table 1.

DISTRIBUTION OF LIQUID RADIOAKTIVE WASTE
IN COLLECTOR-HORIZONS /1/

Depth of Tipe of Volume Area of distri-
Situation collector-|rotk of of injec- |bution of radwaste
of facility |horizon,m |[collector |tion,mil- S9u. cm
lion cub. m|Predic- Obser-
tion lvation
KrasnoJdarsk 180-280 shaly sand| 2.8 3.3 ‘l. ?
~355-500 2.2 1.8 1.2
Tomsk 270-320 |shaly sand 32 8.3 3.5
349-386 -
| 314-341 1.9 3.6 1.7
Dimitrovgrad|1130-1410 |limestone
. ' |sandstoune| 1.6 3.0 1.5
1440-1550 |limestone 0.6 1.5 6.0
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PRELIMINARY ASSESSMENT OF RADIONUCLIDE MIGRATION FROM HLW
DEEP-BOREHOLE REPOSITORY: PA “MAYAK” SITE, SOUTH URALS, RUSSIA

V.I.Malkovsky, A.A.Pck

Institute of Geology of Ore Deposits,
Petrography, Mineralogy and Geochemistry,
Russian Academy of Sciences,

Moscow, Russia

ABSTRACT

This paper presents preliminary results of numerical modeling of radionuclides transport by
groundwater from the high-level nuclear waste (HLW) repository at the PA “Mayak” site,
Southem Urals, Russia. Vitrified HLW are supposed to be disposed in the deep-borehole
repository. Transport of radionuclides from the repository by regional groundwater .ﬂow and
by thermal convection flow was simulated. The regional groundwater flow simulation was
carried out for the two-dimensional vertical section model. Previously obtained resuits on
transport of radionuclides by thermal convection flow from the single-borehole and two-
borehole repository models are briefly summed up. Based on the analysis of the previously
obtained results, the problem of reliability of numerical simulation results is considered. It is
suggested that in the cases with a wide range of radionuclide concentration variations a
modified formulation of mass transfer equation should be used. The results of thermal
convection transport of radionuclides from a single-borehole repository obtained with use of a
modified formulation of the mass transfer equatio_n are presented.

The overall conclusion on the potential consequences of HLW disposal at the PA
“Mayak” site is that the site deserves further investigation with the main objective of
assessment of the potential influence on radionuclide escape of the fracture controlled

migration.
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Fig. 5. Single-borehole model
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Fig. 7. Dependence of the maximum normalized concentration C max OF 2Sr in
groundwater at the Earth’s surface on the depth z; of HLW disposal.

1-C max, 2 - normalized Maximum Permissible Concentration.
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Fig. 8. Dynamics of propagation along the repository axis of symmetry
of *"Sr contamination front.
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Fig. 9. Dependence on time of the maximum {emperature
in the repository near field.
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Fig. 10. D);l?)amics of propagation along the repository axis of symmetry
of °“Sr contamination front with concentration C = Clim.
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Fig. 12. Dependence of the maximum normalised *°Sr concentration
in the groundwater at the Earth’s surface jn the distance
between the disposal boreholes.

69




Migration of liquid plume in sloping a(juifer

Malkovsky V. L. and Pek A. A.
IGEM, Russian Academy of Sciences

Chin-Fu Tsang
E.O. Lawrence Berkeley National Laboratory

July 8 - 9, 1997
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
- Emest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720

70



During the first years of development of atomic industry, the risk associated with
radioactive wastes was underestimated. In 1949-1951 at the first radiochemical enterprise
in Russia, liquid radioactive waste (LRW) were discharged into the river. In 1951 this
dumping into the river was stopped. High level radioactive wastes were temporarily stored
in specially designed tanks. Low and intermediate level radioactive wastes came to be
accumulated open reservoirs. Temporﬁry storage option is .inadequate for low and
intermediate level wastes because of their huge volume. Partial solution of the problem
lays with the development and implementation of underground disposal technique through
injection of LRW into deep aquiferé confined from top and bottom by low permeable

rocks.

Interaction between ihjected waste, host rocks, and formation water is of considerable
importance in process of radionuclides migration. Safety of LRW injection disposal can be
enhanced by sorption of radionuclides by mineral matrix of host rocks. High sorption
capacify for radionuclides exhibit clay and sandy-clayey deposits what brings forward an
extra argument in favor of waste disposal in sedimentary basins. One more factor of
safety enhancement is caused by reactions of precipitation and co-precipitation. From
consideration of uranium deposits which have much in common with LRW disposal
system, and taking into account intensity of these reactions, LRW injection into the aquifer

with reducing conditions can be recommended for enhancement of long-term safety of

LRW disposal system.

But conceivably long-term safety of LRW disposal system depends even to a greater
extent on distribution of ground water flow velocity in the aquifer because this distribution
can be the governing factor in convective transport of radionuclides by groundwater.
Aquifer destined for waste injection is not strictly horizontal. That is why if salinity of
formation water is lower than solute mass concentration of injected waste (represented, as
a rule, by aqueous solutions) contamination plume sinks down the dip of the aquifer. If
heat generation caused by radioactive decay processes is essential, warming up of injected

solutions causes decrease in their density, and, as a result, components of buoyancy force
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can vary in magnitude and even reverse direction, and, as a result, contamination plume

can move up-dip the aquifer.

Movement of injected solutions is governed by both driving mechanisms: buoyancy forces
(caused by difference between densities of formation water and injected 'was'te) and
regional flow of ground water in the aquifer. Joint action of these factors can accelerate
or, conversely, decelerate movement of contamination plume in the aquifer. From the
viewpoint of disposal safety, conditions should be chosen whereby these driving forces
suppress each other, and displacement of contamination plume from the injection site is
minimal. For study of mixed convection process and its influence on the plume behavior,
2-D areal model was considered in Boussinesq’s approximation. It was assumed that flow
velocity satisfies Darcy’s law, and contamination transport can be described by the
equation of transient convective mass transfer. Precipitation reactions and sorption were
not taken into account what permits to consider estimations obtained as conservative
approach. Analytical solution was obtained which describes plume movement at the initial

stage of the process. General case was described by results of computer simulation.
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Migration of liquid radioactive plume

in sloping 'aqUifer

STATEMENT OF THE PROBLEM

ANALYSIS OF PROCESSES GOVERNING |

RADIONUCLIDE MIGRATION IN THE AQUIFER

MATHEMATICAL MODEL.

PROBLEM FORMULATION
DESCUSSION OF RESULTS

CONCLUSION
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o Underestimation of the risk associated with radioactive waste
within the first years of development of atomic industry.

o Since 19.51 duinping of liquid radioactive waste into river system
was stopped. High level radioactive wastes were temporarily stored
in ténks. Low to intermediate level radioactive wastes came to be

accumulated in the open reservoirs.

o Refined technology of temporary storage in tanks can solve the
problem of HLW storage for the present. However, the temporary
- storage option was inadequate for localization of the low to inter-
mediate level LRW because of their huge vohime
o For the period of more than 30 years, 50-10° m® of LRW with the
total radioactivity of ~2-10° Ci" were disposed in Russia [Laverov, et
al, 1994; Ryﬁélchenko et al 1994] with use of injection into deep

aquifers confined from top and bottom by low permeable rocks |
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Analysis of processes governing radionuclides migration in the
| aquifer

o Safety.of LRW injection disposal can be enhanced by sorption of
radionuclides by mineral matrix of the host rock

o The highest capacity for radionuclide retardation exhibit clay and
sandy-clayey deposits what brings forward an extra argument in fa-
vour of LRW disposal in sedimentary basins. i

o One more factor of safety enhancement is caused by reactions of
precipitation and co-precipitation. Intensity of these reactions de-
pends on oxidation-reduction conditiéns in the LRW injection
zone. From consideration of uranium deposits which have much in
common with the LRW injection systenis, LRW injection into aqui-

fer with reducing conditions can be recommended for enhancement

of long—ferm safety of disposal system.
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o But conceivably long-term safety of LRW injection disposal de-
pends even to a greater extent on distribution of velocity of ground
water flow in injection zone of the aquifer because this distribution
can be the governing factor in convective transport of radionuclides
by ground water.

o As arule, wastes injected into the layer are represented by aqueous

" solution which density differs noticeably from the density of for-
mation ground water at the expense of dissolved components. Heat
generation caused by radioactive decay leads to heating injected
solutions and, hence, to a d;-:crease in their density. Waste are in-
jected into the layer which is not faithﬁilly horizontal in the general
case what causes nonzero component of buoyance force driving the
plume along the aquifer.

Movement of injected solutions in the aquifer is governed by both
these factors: buoyancy forces (caused by difference between densi-
ties of injected solutions and formation water) and regional flow of

ground water in the aquifer. Joint action of these factors can lead to -
acceleration or, conversely, to deceleration of contaminant migration.
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PROBLEM FORMULATION

Govermning equations:

k|op

. | k op
U =——<3—+ pgsina|l- ,(T—I;)+,8CC}, U =——
#{@c pgsinall-p ] P

§+—l—(u,§+u —OEJ = D(ﬁzK+ 5“K) - kK
@ .

Boundary conditions:

v
y]—)oo, p_po+v,],:1x+ ’:y+pgxsina,K,C—>O

P AT h  hA T
T2 T 2 2a &’

X

>

lzl —> 0, — — 0.
Initial conditions:

t=0, T=T,

77



Dimensionless form

Dimensionless variables
X=f—, Y=-)i, Z=Z_h/2, t C
L L t C

Governing equations
g P N g P 7 Xk

L)) & X éx’
%,y %y E_TELTE
or X & X’ o’Yz

5'7+U on Uﬁn I 577 _ Den,
o iax T ext ar
D56
o 87

v =v.-L _sire, U =v -2,
oX P

Boundary conditions

| X

JPl> o, P,EN—DO;

Initial condition

r=0, 6=0, VX' +Y' <R, &=7n=]
VX' +Y* >R, £E=n=0.
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Dimensionless governing parameters

determines a ratio between Archimedean force compo-
F = L.p; nents caused by nonhomogeneous distributions of tem-
perature and concentration, respectively

determines a ratio between time scales for processes of
convective mass transfer and radioactive decay

{
C v characterize a ratio between regional flow
Ve=—, V= ;{" .velocity and velocity of the flow caused by
= Archimedean forces.

I, an analog of Peclet number and characterizes a rela-
L’ tive contributions of convection and dispersion to the
mass transport

characterizes the thermal inertia of the aquifer in the
process of heat exchange with the confining rock beds

Plume movement characteristics

[[YE(X,Y,v)dX dY
[[&(X,Y,r)dX dY

[[ X6(Xx,Y,7)dX dY

[EX.7, dxdy ™=

X (7) =

r™(z)

T

G IE G

, Uri(n)=

3 {f \[[X— X (@] +[Y-r=~ ()] &X.7, %)dXdY
2 I &x.Y,7)dx dy

R..(0)=
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Low level radioactive waste
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Analytical solution at small =

1, R<R,; & _ o G
g‘{o, R>R,, = 39 0’, R~ OR-R)
16(,6P) 18P |
—E}E[R_E) +_R73.92 =6(R-R,)cos9.
If P 1s represented as P=P,; cos$ then
1 d(_dR
RdR(RdR) R’P SR-R,).

If {=In(R/R;,), having regard to
S(R-R) =8¢ ~¢R ) 4

*P,

d——P =R 6(0).
k=B = RS
4 .
P = se*, <0,
s,e”, >0
P,(~0)=P,(+0), P'(+0)- P'(~0)=R,.
Rln
§ =8 ="
2
—lRoos&':——A—f-, R<R ;
pl 2 2
1R
—-——c0s&, R>R.
2 R
R R,,,,U,_-zfi-g__l.
. oxX 2
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High level radioactive waste
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High level radioactive waste
Long zone with elevated permeability
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Conclusion

e One of the possible options for enhancement of the long-term safety
of such waste disposal system lies in selection of the disposal sites
where geochemical conditions provide to “self-cleaning” of injected
waste.

o Another possible option for enhancement of the long-term safety of
liquid waste disposal lies in using the effect caused by interaction
in the disposal system of the different convective transport proc-
esses.

o a contributory factor for enhancement of long;term safety of the
liquid waste disposal 1is selection of the injection sites where the
interaction between the processes of forced, concentration, and
thermal convection provides to suppression of the waste migration

o From generalization of computer simulation results, analytical ap-
proximating expreésions are obtained which can be used for pre-
Iiminary selection of disposal site and safety assessment in the
case of low level radioactive waste. 7
o Results of computer simulation show that in the case of essential

heat generation in the waste volume, mechanism of contaminant
transport process changes what can lead to noticeable deformation
of the initial plume shape and changes in Velocity (and even direc-
tion) of the plume movement. These plume deformations are espe-
cially significant due to aquifer permeability anomalies represented

by long highly permeable zones aligned with direction of driving

forces.
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In spite of the most extensive practical work and research on ground water remediation,
their results are considered more and more skeptically by both public and professionals.
The overall situation in this field could be explained by four major drawbacks (fig. 1).
Trying to overcome the mentioned drawbacks, we have developed the trial-and-
operational approach, — according to our concept of controlled groundwater
contamination (fig. 6), which permits the most efficient use of continuous adaptation and
feed-back principle (“self-teaching”™ approach). The major role in this concept is played by
groundwater monitoring together with successive hydrogeological forecasts; they are
‘tightly coupled - through information by system of models concurrently solving direct,
inverse and optimization problems for a given site. A continuous information
development makes a real basis for considering the alternative scenarios of remediation

including its final goals and risk assessment.

Contrary to the traditional clean-up demands, in our api:roach the. permissible contaminant
concentration is associated not with the polluted site on the whole, but with the concrete
object (e.g. water intake or épring) under protection, i.e. the real place and tie of ground
water usage, which are limited by additional regulations. The necessary control of
contaminants pathways and travel times is carried out by groundwater monitoring together
with natural mechanisms of contaminants attenuation (fig. 7). Very often these
mechanisms make “no action” approach (may be supported by liquidation of
contamination source) quite feasible. In other cases natural attenuation could be
efficiently combined with long-term containment measures; the more time we have, the

more preferable would be such an approach.

As an example, a large oil-productive region in Russia is considered (oil fields in Tataria),
which is contaminated by salt water used for oil recovery (fig. 4,5). Before the
remediation activity, all the region was divided into areas of 3 types (fig. 9), according to
groundwater monitoring data. Special attention was paid to finding out numerous

contamination sources (spills due to pipeline leakage) within the unsaturated zone. In so
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doing, surface geophysical methods (fig. 10), gaseous survey and biogeochemical (protein
content) methods were efficiently used. In spite of strong chloride contamina_tion as well
as rather possible old oil spills in the unsaturated zone, the major spring and groundwater
intakes in the region still (after 50 years of-oil production) give drinking water of good
quality, which could be explained by very efficient natural attenuation of contaminants.
For better evaluation of the protective properties of the unsaturated zone, special long-
term field tests were developed (fig. l'l). The active remediation (when it is necessary, in
the areas of the third type) is oriented on pump-without treat, for the pumped out

saltwater could be injected again into the oil-recovery deep boreholes.
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Major drawbacks of remediation
strategy:

erroneously formulated final goals
lack of sites priority assessment

improper allocation of funds between remediation
itself and field work for its information support

poor development of basic concept for
remediation optimization, i.e., for assessment “the
best” decision among the feasible remediation

~ alternatives (natural attenuation of contaminants,

in particular)
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BUGAI ET AL.: COOLING POND OF CHERNOBYL NUCLEAR POWER PLANT

North Drainage
Ditch

South Drainage
Ditch

EXPLANATION

- - - - Dam of the pond
...... Drainage ditches

——— Drainage curtain

—  Surface sheams fiom
the diainage ditches
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On the concept of controlled ground water contamination.

Hydrogeoenvironmental monitoring of the engineering objoct

Prediction of contamination
and the situation evaluation

.[;
]

Assessment of the necessity of the active protective measures and of the special preliminary investigations

[ .

Special preliminary investigations

Y

Y

Assessment of the active protective measures as well as additional local and provisional restric-
tions. Prediction of contamination processes taking into account the active measures. Assessment
of the developed or new monitoring system. '

Y .

Y

Y

Y

y

Ground water and
soil remediation

Additional restric- |
tions on water usage.

Liquidation of the Containing of the Ground ;Arater
contamination contamination “sel f-purifiéatignv
source plume ettenyatror)
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Hydrogeoenvironmental monitoring fotthe system: “engineering
object—contaminated aquifer—protective measures and regula-
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Mechanisms of natural attenuation of

‘ground water contamination processes

Dilution and displacement of the contaminated water by
the “pure” one (by natural infiltration, in particular)

Downward flow of the contaminated water (especially for
water of higher density) into the deep zones of the

waterbearing system, which increases the travel time and
storage capacity

Mechanical dispersion, ‘the transversal one first of all
Molecular diffusion of contaminants into porous matrix or

.low-permeable layers, lenses, etc.
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Mechanisms of natural attenuation of
ground water contamination processes
| (cont.) -

Capillary suction of the contaminated water into porous
matrix of unsaturated rocks

Volatilization, transfer of contaminants into the gaseous
phase and their upward migration through unsaturated
Zone |

Physical-and-chemical interaction (exchange) of

contaminant water with rock matrix (sorption, ion
exchantge, precipitation, etc.) aro/ fransforrmations

rg. conlariina nts (ofes zz/"u.cz‘c'on -aecay, com/o/exa tron, e te.)
iodegradation of contaminants
Filtration of colloidal and bacterial contaminants,

“sieving” effects
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Sites priorities:

“pure” areas (no need for remediation)
“hopeless” areas (remediation is practically

- unattainable)

areas, subject to remediation



Mnax u30NUHUK ECTECTBEHHOIO 3MEeKTPUUYECKOro
nonsA ( No AaHHbLIM NONEBOro MOAEfNbHOro 3KCNepPUMEHTa).

1 -35
1 40
0o 1 2 3 4 5
g 1cm 0,5 MmeTpa uotpy
YCNOBHbBIE OBO3HAYEHWUSA
@ — W\ aTannueckan Tpyba
MecTo MECTO yTeuqxu
nocTynnenusn
BOAbI
— 577 W30NUHUK ECTECTBEHHOMO NONS
puc 6.6

105



&a
o
m—
*
.‘.
— P
('7

I 4

i 4 & & l: . [ I

4

L4

777(2////

oD,

AT .?_

ot
:_:

—

106



| R "

| 2

(]

T Lsauil 2Ny
L ql

N

o | I | I

-cho R )\ ~ ~

e / @ ® o / o @ ) o

S (s10he| ke ‘Jew ‘auoispues)
S ud )sosewsad L L/ Buudg
» )
uadp VL~
7 777
b nnnnn T 7 SO
[ AT 7 1 7 pesodsi(
SHEI

O lesodsi(




Salt-water convection in porous media
on different scales

Kuvaev A. A.

Moscow State University

July 8 - 9, 1997
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Emest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720
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The solution of the problem of ground water pollution forecasting and management depends
greatly on the possibility of constructing a mathematical model that may be used to
substantiate a definitive engineering solution. In a number of cases, primarily in studying
highly concentrated industrial pollutants of ground water, a problem arises of a density
convection effect on the migration flow dynamics. Cominutation of density convection in a
migration model of hazardous wastes in aquifers is an important problem in hydrogeological
investigations. It is known that density convection in migration causes the fingering of a
pollution front on the micro- and macro-levels. This effect greatly influences the
hydrodynamic structure of the flow. The investigation shows that formation of a finger
system results from the vortex structure of a hydrodynamic field, reinforced by density
convection. Two scales of fingers should be distinguished: |

o micro-fingers caused by the stochastically micro-inhomogeneity of the hydrodynamic field;

o macro-fingers caused by macro-inhomogeneity of the hydrodynamic field.

Figure 1 shows the resuits of the experimental investigation of the visible salt water front
configuration in a vertical porous column in a homogeneous medium for different times (in
minutes). Waters with different input salinities were marked with color, then injected through
the upper section of the column . It was observed that fingers appear only when injected
water has non-zero salinity. |

Figure 2 shows the comparison of the experimental data (average in horizontal cross-section
salinity) with the results of one-dimensional numerical modeling. As we can see in this case,
the traditional model of hydrodynamical microdispersion is not useful. The salt-water front

dispersion is reinforced by fingering.

A two-dimensional numerical model, based on a particle-tracing technique, was developed to
investigate miscible fingering. The resulting numerical model is used for simulation of variable

density groundwater flow for a real natural situation: infiltration of the hazardous wastes
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from an industrial storage basin. The modeling was carried out for two variations of
contamination input:
o through the top of the aquifer directly from a storage basin (variant 1);
o through the bottom of the aquifer in accordance with the often used scheme of immiscible
fluids (variant 2).
The results of modeling of two-dimensional migration of fluid with salinity 86 g/ from an
industrial storage basin are shown in Figure 3. It is apparent that vertical mixing is significant
in variant 1. Comparatively iow salinity results in this kind of mixing. The aquifer's salinity
below the basin doesn't exceed 25% of its preliminary salinity. Lateral migration of
contamination is taking place together with natural groundwater flow. The opposite was
observed in variant 2,‘where the clear (contrasting) interface of salt-and fresh water exists.
Lateral migration of contamination is proceeding considerably faster. The model discussed in
variants 1 and 2 does not consider density microdispersion of fluids. The theoretical model of
this effect for ground water large-scale flow has not yet been developed. We cah only predict

that density microdispersion will cause more fluid mixing in the aquifer.

Density convection appears to define a hydrodynamical situation of fluids in deep aquifers
with relatively small gradients of ground water heads. It is known that some deep artesian
basins are characterized by anomalous distributions of ground water salinity in vertical
section, regardless of the presence of halite. A maxnnum value of salinity for this region is
observed in a specific depth interval. Above or below this depth interval, the salinity of
ground water is considerably lower. The layer of more salty water is char_acterized by its
higher density; above it, less salty 'ground water is hydrodynamically unstable. In such
situations density convection must appear, resulting in the redistribution of density and,

consequently, mixing of salt- and fresh water.

Testing of a hydrodynamical model of a deep aquifer with an anomalous distribution of

ground water salinity in vertical section was considered for the Pechora site in northem
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Russia. In this model, part of the cross-section was investigated. This part of the section is
overlain by the layer of clayey Kungur-strata of lower Pefmian age, a low permeability cover
for oil-deposits. The base of the clays lies at a depth of about 2000 m. From below, this part
of the section is limited by the strata of relatively impermeable Middle Devonian clays and
argillites, with their top at depths of about 5000 m. Permeable rocks are present, mainly as
Devonian-Cretaceous limestones and sandstones. At this site, according to existing data,
anomalous high pressures and temperatures are absent, that might otherwise indicate inflows
of fluids through Middle Devonian clays and argillites.

The generalized observed distribution of ground water salinity in vertical section shows, that
in the middle part of the permeable strata, salinity is up to 180 g/l, while at the top and the
bottom it varies from 30 to 50 g/l. Typical filtration parameters for deep aquifers are used for
this kind of modeling. As an initial condition, the generalized observed distribution of ground
water salinity was assigned as an empirical function. For initiating density convection at
certain locations of the area, random deflections of salinity from the genefa.lised one were

assigned.

The results of modeling for two considered variants are apparent in the Figure; they differ in
filtration parameters of permeable strata. Fluid with high salinity migrates downwards as
fingers, but fluid with lower salinity moves upwards. Redistribution of salt and fresh water in

the vertical section occurs in about 1 million years.

An important result of this modeling is that the salinity anomaly cannot exist more than
several million years. This conclusion can greatly change theories of the development of deep
hydrogeological processes. Improvement of industrial ground water contamination
forecésting, development of monitoring and xﬁanagement of high density fluids in
groundwater, and hydrodynamical models of deep aquifer systems gregtly depend on the
progress in mathematical models of density convection. The most important problem in this

process is the evaluation of the "fingers-scale" ground water flow.
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Modeling of ground water contamination caused
by organic pollutants

Pashkovsky I. S.
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Groundwater vulnerability from natural and human impacts greatly depends on climate,
soil, and unsaturated zone conditions. For many different pollutants ( heavy metals,
organic chemicals, including pesticides and hydrocarbons, radioactive contaminants,
bacteria and viruses) the soil and the unsaturated zone are the first and in some cases

nonpermeable barriers which protect groundwater from contamination.

Many processes such as sorption, oxidation-reduction reactions, biotransformation, cation
exchange and others take place in unsaturated zone. The adsorption-desorbtion and ion-
exchange reactions cause retardation of the contaminant with respect to pore water. So
heavy metals and radioactive nhclides can be completely held in the soil and unsaturated
zone. Decomposition of primary organic compounds ( hydrocarbons, halogenated
hydrocarbons, pesticides, etc.), is caused by microorganisms, which obtain the carbon and
hydrogen for their cell synthesis. Decay processes ai'e dependent on temperature and

moisture content in soil and thus on climatic conditions.

The model consists of five elements: climate, boundary conditions, heat, moisture and
solute transport in the unsaturated zone. A key feature of the model is its treatment of
snow cover, freezing of water and frost depth, which greatly influence surface and ground
water runoff in regions with cold climates such as Russia, using real or synthetic records
of the climatic data (precipitation and temperature).

The monthly temperature and precipitation are calculated as:

=70

Ti Tl +aT.§ )
N0

Ol._ ; +orO§ Q).

Where 7; and O; are calculated monthly temperature and precipitation, and 7;°, O/
are real monthly mean temperature and precipitation, and or, o, are their standard
deviations, ¢ is random number with normal distribution.

Every type of landscape is characterized by coefficients, which determine the rate of the

snow melting - a, interception - 3 and evapotranspiration - v.
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To solve the problem we use the finite difference method, so the unsaturated zone is
gridded into cells for model computation, and input parameters are defined by
characteristics of the rocks. An interpolation subroutine estimates the moisture content in

the unsaturated zone, it's temperature and concentration of the pollutant.

EXAMPLE

Depthto watertable...............cco. ciiiiiiniiiine. 24m
POTOSIEY ..ooveieie it e e e e e e aaaes 0.45
Residual water content.................ocooiiiiiiiiiiiiinn.. 0.15
Height of capillary fringe................ccooviiiii . Im
Saturated conductivity..................ocoiiiiii e 0.5 m/day
Soil-water distribution coefficient........................ 12 L/mg
First- order decay coefficient at 20°C................ 0.003 1/day

Initial concentration of benzene up to depth 0.45 m ...100 mg/L

MOISTURE TRANSPORT MODEL
Rain Surface runoff

‘e "

Dry pore Wet soil
Wet pore
Dry soil
O WOH pocfH_FidJ +l(‘9m-9 y

oz Oz ot pwﬁt T

where:
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H is hydraulic head ( H =P/ pw +z)

z is elevation of the base of the piezometer ,
J is volumetric ice content ,

E is intensity of issues (root sucking),

T is character time of moist exchange between blocks of the soil and large pores,

9 is volumetric moisture content ;

6= 6,+(6, -8 Y1-J)exp(P(I-J)/H,).
17 0 is hygroscopic moisture content , Hm is porosity,

P pl.- water and ice density,

k is permeability k= (k, T—O_)n / (1+8J )2,

-6
m o
o6
C is the specific storativity (C = 2;, whenP <0and C= 0, whenP >0):

C=(8 -6 )1-J)*/H, exp(PU~J)/ H)).

HEAT TRANSPORT MODEL

o oT ovl 0T
Z(ﬂ(@,])z)-i-cw 57 =co—é—t—,
where:

T is temperature,
Co =Csc (1-65)+ C.6 +C; J - Lﬂ
orT

C. is the specific heat of water,

C.. is the specific heat of soil grains -
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C; is the speciﬁé heat of ice,
L is the specific heat of melting,
A(6, J) is the thermal conductivity,

SOLUTE TRANSPORT MODEL

3 5C, dvC_30
P (D( ,0) Z) P t+¢(9,T)Q

where: _
Q= C (86 +Ki, ) is the total content of contaminant in mg per kg of dry soil,
Ki, is the soil-water distribution coefficient,

@ (6, 7) is the first-order decay coefficient for component in the unsaturated zone:

)2}

6-6
P (6.7)=p {exp(—2)? +exp<

Hm

where 90, Hm, T o, T m are constants;
D (6v) = yv (6- 6,)" is dispersion coefficient ,y is longitudinal dispersivity.
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Isolation of Radioactive Wastes in Permafrost Rock

Steven A. Grant
Geochemical Sciences Division
U.S. Army Cold Regions Research & Engineering Laboratory
Hanover, New Hampshire

A.N. Kazakov, N.F. Lobanov
All Russian Research and Design Institute of Production Engineering
Ministry of Atomic Energy
Moscow

M.V. Mironenko, and A.I. Shapkin
Vernadsky Institute of Geochemistry and Analytical Chemistry Russian
Academy of Sciences
Moscow

The All Russian Research and Design Institute of Production Engineering
(VNIPIPromtechnologii Institute) of the Ministry of Atomic Energy (MINATOM) of the
Russian Federation is studying burial in permafrost rock on the Novaya Zemlya
archipelago as a radioactive-waste isolation technology. In principle, this is a potential topic
for research collaboration between U.S. Army Cold Regions Research & Engineering
Laboratory (CRREL) and VNIPIPromtechnologii Institute. Due to limited funding for this
topic, no substantive collaboration has occurred. '

Frozen water-saturated porous media have extremely low permeabilities and great
mechanical strengths. Due to these properties, artificially frozen ground has long been used
to reduce seepage into and stabilize walls of soil excavations. These properties have been
exploited more recently for isolating contaminated soils with barriers formed from
artificially frozen ground. Since rock is generally stronger and less permeable than soil, it is
natural to consider permafrost rocks as waste isolation media. Since the permafrost depths
in Novaya Zemlya are great (over 200 m), if energy fluxes from the individual radioactive
waste containers are not too large, it is likely that permafrost would be able to isolate the
waste thermally as well as mechanically and hydrologically.

VNIPIPromtechnologii Institute has tentatively developed three designs for
radioactive waste isolation:  a) capped trenches for short-lived low-level radioactive solid
waste, b) permafrost tunnels for short-lived intermediate-level radioactive waste, and c)
deep shafts to store short-lived and long-lived high-level radioactive wastes. In principle,
the advantages of this radioactive-waste isolation approach are: a) permafrost is
impermeable and mechanically strong, b) Novaya Zemlya is not far from two likely sources
of radioactive wastes, Murmansk and Severodvinsk, c) much of the appropriately trained
staff and equipment are on site, and d) there is general acceptance by Russian
environmental stakeholders. Some potential disadvantages can also be identified: a) because
Novaya Zemlya is an archipelago off the Russian coast, isolating radioactive waste there
may strain relations between Russia and adjoining countries, b) for long isolation times, the
suitability of the site will be affected by global climate changes, which may affect
permafrost depths at the site, and c¢) because burial in permafrost is a novel solution for the
problem of isolating radioactive wastes, there will be limited benefit from lessons learned at
more conventional sites (e.g., Yucca Mountain).
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CRREL has hosted Dr. M.V. Mironenko of the Vernadsky Institute of
Geochemistry and Analytical Chemistry, Russian Academy of Sciences, who is studying
three geochemical aspects of radioactive waste isolation in permafrost: a) speciation and
phase equilibria of actinides in the permafrost rock should there be a leak, b)
thermophysical modeling of electrolyte solution densities at subzero temperatures, and ¢)
corrosivity of the solutions surrounding the radioactive waste containers.

Acknowledgments: We acknowledge the support from U.S. Army Materiel Command
(WK2Q6C-7411-EN09); U.S. Army Cold Regions Research & Engineering Laboratory
(Work Unit AT24-SC-F02); U.S. Army Environmental Quality Basic Research
Enhancement Program; Russian Foundation for Basic Research (Project number 97-05-
64197); Radioactive Waste Management Grants Program, Office of International Affairs,
National Research Council. ‘
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Energy Flows at Proposed Permafrost
Radioactive Waste Isolation Site

Average Annual Temperature Below O °C

Earth’s Surface

N | J
7 vestrion A e SN

O

~ i NN

Radioactive - Air/Surface Energy
Waste Fluxes

Energy Flux Due to | Permafrost
Geothermal Warming Lower Boundary

A1414-96-1494



p61-96-bIb IV

| SOISBM

anljorolIpeR. [9A8)-YBIY peall-Buo] pue
PaAl[-1IoYS 8101S 0] Sieys desq :8dAl=9

. 2)SBM SAIIOROIPERI [SAS]|-S}RIPaWISU
PAaAl=MOYS J0] S[auun] 1Soljeuwlded :@dAl-g
81SeM [PI|0S BAIOBOIPERI [9AS]-MO)]
PaAlj-lIoYS Joj sayaual) paddes :adAl-y

subisep @94 ]

173



slapoyayels [ejusWUuoIIAUS
uelssny Aq @sueydesse [riaUSD)o

alsS uo aJje Juswdinbs
pue jieis ayelidoldde eyl Jo Yano

YSUIAPOIBADS PUE
xmgmé%é 12 $82JN0S ARY 01 ANWIXOIdo

‘Buijesy
-j1@s ‘Yibuaiys ‘sjqesuriadwi ‘sso] ABisug

sollladold [eaisAydoen.
Se0RIURBAPY

174



7

Disadvantages

oCoastal site-international concerns

sUncertainty of global climate change

oNovel solution

oLimited benefit from lessons learned at more conventional sites

oiMany of the necessary conceptual and simulation tools are in
their infancy

oiMlodel verification is problematic
oRisk assessment is problematic
oObtaining IAEA approval could be difficult

A1414--96-1494



pvi-96-viviv

UOISO.LI0N0

O LEASS)L S1URUOD JB)eM=PINDIT.

IN220 sYed| ji elqlinbg aseyd/uoiieidadso
syoadsy [ea1wsy)-|eaIsAyd/ealwsyoss)
L66L PUB GEBL Ul TIHHD e
ANSIWBYY [BINAJRUY pPUR ALSIWSYI0L) O
aNUISU] AYSPeUIBA BY) JO OXUBUOCIIA AN

13dE 1€ IO/

176



v6v1-96-vivIv

M G862 01 Sal29ds
snosnbe pue Y| GL°€/g 0} SPIj0S wniuoln|d

pUuR WNIURIN Pal08[eS IO} UoBWIO)

JO salbJaus sqqln plepuels ay] 8|quiasSSy

‘euqinbg eseyd/uoneroeds

177



po6v1-96-viviv

"UOIN]OS %204 3} W)

[[eM J2UIRIUOD 8] JO 8pISul ay) Bunejos)

‘92BLINS JaUIBIUOD B} UO WIOL [[IA
ruUlkRd 31l18pIS B YIIYAM Ul suoisawl] S 8|S

UOISOLI0D

178



p6vL-96-viviV

| S8llISUdP UOIIN|OS
82@5@2@ %@EE@@E@C@E@E@E%@E

(X LEAS)) siueuOo9 Jeyeim-pInb]T

179



y6v1-96-ViviV

"S8NSSI
[B21UY28] PUB J1UBIDS [RlUSWEPUN
JO 18S B UO UO[BI0R[|09 [BUORBUISIUL JO)

Ajunpoddo jusj@axa ue sepirocid joslosd

uole|os] 2)SEM aAljor0IpR] pasodold

- fewwing

180
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HYDRAULIC CHARACTERIZATION:
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BASIS FOR CHARACTERIZATION

FOURIER'S HEAT CONDUCTION EQUATION

o CONDUCTIVITY (SPECIFIC CONDUCIBILITYY)

o CAPACITANCE (STORATIVITY)
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1659:

1786:

1807:
1827:
1839:

1846:

PRE-DARCY ERA: 1660 - 1850
FIRST MERCURY THERMOMETER

LAVOISIER AND LAPLACE: SPECIFIC HEAT
VALUES USING ICE CALORIMETER

FOURIER'S UNPUBLISHED MONOGRAPH
OHiW DEFINES ELECTRICAL RESISTIVITY

HAGEN'S WORK ON CAPILLARY TUBES

POISEVILLE’S WORK ON CAPILLARY TUBES

(0.1 CC OVER SEVERAL HOURS)



Hoe)ydu =r
(dg,ydu) =0
‘NIHLYIN ‘NOSEOIVF “TTIMXVIN ‘NOLAMIN

(Vad¥=0{L‘@VN=N‘IN=0 :ITUNISIOJ

W/1=3  :NHO

(zp/Ap) M- =4 :HIMNOL

AENLINIO y,61 3TAAIAN

185



g8l

o 1856:
o 1863:

o 1898:

SECOND HALF OF 19™ CENTURY

DARCY’S LAW (ADDS GRAVITY)
DUPRPUIT'S WORIK ON FREE SURFACE FLOW
FORCHHEIMER AND SLICHTER SOLVE

LAPLACE EQUATION FOR A VARIETY OF
SEEPAGE PROBLEMS
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1921

1921:

1922:

1924 :

1928:

1928:

THE 1920°S
CARSLAW: HEAT FLOW SOLUTIONS

GARDNER AND WIDTSOE: DIFFUSION
EXPERIMENT IN SOILS

GARDNER: TENSIOMETER INVENTED
TERZAGHIS MODERN SOIL MECHANICS
MEINZER: COMPRESSIBILITY OF AQUIFERS

WEBER: THANSHENT FLOW TO A WELL
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1931:

1932:

1933:

1934:

1935:

1937:

THE 1930'S

RICHARDS: NON-LINEAR DIFFUSION EQN.
WYCKOFF AND MUSKAT: GRAVITY FLOW
RAPPLEYE: LAND SUBSIDENCE, SAN JOSE

MUSKAT, HURST: NON-STEADY FLOW OF
GAS AND OIL TO WELLS

THEIS: TRANSIENT RADIAL FLOW T@ WELL

MEINZER: GROUNDWATER MINING AND
LAND SUBSIDENCE
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1940:

1940:

1946:
1947

1949:

THE 1940'S
JACOB: PHYSICAL BASIS OF STORATIVITY

HUBBERT: THEORY OF GROUND-WATER
MOTION

JACOB: LEAKY AQUIFER SYSTEMS
JACOB: WELL EFFICIENCY

VAN EVERDINGEN AND HURST: WELL-BORE
STORAGE AND SKIN EFFECTS -
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Potential remediation measures
at Mayak site

Parker, F. L.
Vanderbilt University

July 8 - 9, 1997 |
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Emest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720
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Figure 3.2, The sheme of "Mayak" contaminated reservoirs,



CONTENTS OF RESERVOIRS 10
AND 11 TECHA RIVER

Reservoir Volume Radioactivify
10° m’ kCi
10 77 230

1 230 26
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Concentration, nCi/litre
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Fig. 5.6. Time dependence of *Sr concentration in the Techa River water
at the settlement Muslyumovo location.
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Radioactivity, Cj
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Time dependence of the total amount of *Sr accumulated in the Techa River
flood-lands in the interval between dam N11 and settlement Musyumovo.
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COMPARISON OF FLOOD FLOWS IN THE TECHA
RIVER BELOW DAM NO. 11

Settlement  River km HEC-6 : BREAK 2
below dam max depth, time, max depth, time,
m hr ' m hr
Muslyumovo 40.9 6.1 14.6 123 151
Brodokalmak 72.4 6.1 177 73 207

Russkaya Techa 96.9 64 308 74 268
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RIESRA]D) DOSE CALCULATIONS

~ 100 MREM/YR

137
gy Cs
external - 72
plant 7.8 14
meat 3.2 36

milk 9.5 13
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Failure of Eaf{then Dams

Percent

Seepage | 40
Hydraulic Problems 40

Structural Deficiencies 30

*Committee on the Safety of Existing Dams, Safety of Existing Dams:
Evaluation and Improvement. Washington, D.C.: National Academy Press, 1983.
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Remedlﬁaltiion of Cascades

1. Russian Studies
A. Bol’schakov
B. Romanov
C. Petukhov

II. Workshop Suggestions

. IIAS A Studies
A. Lower level of water in
Reservoirs 10 and 11

B. Strengthen dams at Reservoirs

C. Stabilize bottom sediments in
reservoirs

- D. Monitoring & warning systems
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A. Lower level of water in
reservoirs 10 and 11

- 1. Natural means

a. Modify
hydrometeorological
processes - suppress
precipitation

b. Modify solar radiation
transfers - increase winter
sublimation of snow
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ALBEDO OF SNOW AND
EVAPORATION

10°TONS
FRESH DRY SNOW  0.85-0.95 0.46
CLEAN DUMP SNOW  0.60-0.70
DIRTY SNOW 0.40-0.50 1.29

SNOW WITH CARBON
BLACK LAYER 2.01
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Comments on presentation of F. L. Parker:
'"Potential remediation measures
at the Mayak site "

Drozhko Eu. G.
Production Association ‘MAYAK”

July 8-9,1997

JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Emest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720
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1. The prediction of the population exposure to radioactivity reported in this presentation
seems to be overestimated in comparison with the most real situation because:
a ) for an optimistic case of flood wave propagation from dams 10 and 11 (laminar flow
and sediment transport) the downstream transport of bottom sediments from thé
reservoirs to the Techa River will take place at the latest stage of flooding, so all
sediments will be deposited not far from the reservoirs in the upper part of the Techa
valley, .i.e., in places without any settlements. b) for a pessimistic case of flood wave
propagation (the most dangerous situation) sediments will be redistributed and deposited
along the entire length of the Techa and Iset rivers. The estimations of radioactive
population exposure seem to me to be overvalued, but it is not too easy to give a
quantitative analysis of this presentation because some input data and methods of dose
calculations are not shown. The author also should take into account that emergency
protective measures will be taken in the case of flood wave propagation from the

reservoirs. These will decrease the population radiation impact.

2. The assessment of dams 10 and 11 failure risk given in the table should be critically
reevaluated, because the protective measures and monitoring of dams and their environs
should be taken into account. These measures include reenforcing the dams. The results
presented by prof. Parker can be used to plan the Special Forces actions in the critical
time of dam failure and flood wave propagation. These results cannot be used for
estimations of radioactive population exposure due to bottom sediment redistribution after
the failure. The time scale of the presented results is the characteristic time of wave
propagation modeled by Sen-Venan's equation. Beyond this time scale, the radioactive
population exposure should be considered, taking into account the population evacuation

from the risk zone, and restriction of agricultural and economic activities within all the

effected region after the flood.

3. The “philosophy” of the remediation measures proposed by IIASA is quite acceptable.

The main tasks of the remediation efforts are well known:
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a) we stabilize and decrease the water level in reservoirs; b) begin reinforcing the dams; c)
systematically conduct research and development to immobilize the reservoir bottom
deposits. The expense of this latter proposed action, which demands great effort and still

cannot guarantee clear results, I suppose, makes its conduct problematical.

4. Finally, the proposal to alter the regional climate, in order to change the ratio of
precipitation to evaporation seems absolute fantasy. It is not only technically not
reasonable, but it is unacceptable from an environmental point of view. Strictly speaking,
I do not want to discuss the variant of the Urals region being changed into a Sahara
Desert. Protective works to stabilize the environmental situation at the Mayak site are
presently being carried out. If appropriate funding for this enﬁromentd work continues,
it will permit not just the stabilization, but also the remediation. This work includes the
following: _
a) decreasing the waste influx into Lake Karachai in order to allow the covering of its
surface,
b) elimination of the free surface of Lake Karachai by covering and management of local
surface and underground runoff of precipitation. This allows elimination of the risk of
aerosol transport of radionuclides due to winds and tornadoes. It also allows us to
decrease the impact of the lake on surface and ground water. The results of 3-D
predictive modeling of flow and contaminant transport in ground water, taking into
account the lake's impact with ground water, show the reasonableness of these
measures . It was shown by modeling that after eliminating the lake, radionuclide
discharge into surface water (the Mischelyak River and reservoirs) is not very intensive.
The calculated maximum dose of population exposure does not exceed the critical value.
c) In order to stabilize the water level and water balance in the system of Techa River
reservoirs, the following measures are considered:
(i) drainage of ground water flow that discharges into the reservoir. The system of
drainage wells has already been constructed and it will start operating soon.
(i) discharge of sanitary water and ground water into the left bank canal instead of into

the reservoirs. The design of this discharge system is underway.
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(iif) radiochemical treatment of reservoir water and technical water that enters the
reservoirs from facilities, in order to decrease the radioactivity of the water to below
the critical value; research and development are being conducted.

(iv) the realization of remediation of the Techa system reservoirs depends on future

construction of the South Urals Nuclear Power Plant.

These are all my comments on Prof. Parker's presentation.

209



Class ][ Deep Well Injection
Nature’s Subsurface Treatment of Injected Waste

James E. Clark, Jr.
E.1. du Pont de Nemours and Company, Inc.
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'CLASS | DEEP WELL INJECTION
NATURE'S SUBSURFACE TREATMENT OF INJECTED WASTE

James E. Clark, Jr.
E.L. du Pont de Nemours and Company, Inc.
P.O. Box 3269
Beaumont, Texas 77704

ABSTRACT

Injected liquid wastes undergo various reactions with the natural geologic
formations and minerals thousands of feet below the earth's surface in the injection
zone. These wastes are either degraded or neutralized over time and nature's
subsurface treatment reduces any potential impact on the environment. The
injection zone formation minerals can render the waste non-hazardous by
neutralizing the acidity or alkalinity of the waste stream soon after injection. These"
mechanisms include carbonate dissolution with acidic waste, sand dissolution by
alkaline aqueous solutions, and clay/feldspar dissolution with both acidic and
alkaline aqueous solutions. Case studies include the Gulf Coast formations sands
and the Appalachian Valley and Ridge Providence of carbonate rocks. Chemical
transformation of waste constituents into non-hazardous fluid can also occur over
time by other reactions, such as hydrolysis (reaction with water), ion exchange,
adsorption, co-precipitation and microbial degradation. These reactions can be
predicted using standard chemical engineering approaches. The subsequent
reactions depend on the nature and temperature of the injected waste and the
physical and chemical properties of the injection zone. While the nature of the
waste, the geology and the interactions differ from facility to facility, these studies
concluded that the injected waste reacts with the fluids and minerals in the
injection zone and is ultimately neutralized or reduced in hazard. This concurs
with EPA's 1988 final rules concerning underground injection control program;
hazardous waste disposal injection for Class I wells. These rules concluded that a
10,000 year time period concerning a no-migration demonstration would allow time
for geochemical transformations which would render the waste non-hazardous or
immobile.
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WELL CONSTRUCTION LOGGING/TESTING

AND WELL CERTIFICATION

Log/Survey Type Results
Open Hole Logs
Electric Log Lithology determination, formation salinity, waste plume
¢ Spherically Focus Log encounters, permeability indicator
¢ Gamma Ray Log
e Micro Resistivity
e SP Resistivity
e Lateralog
Porosity Lithology determination, formation porosity, fracture
e Neutron Density evidence
e Sonic
Caliper Hole size

Fracture Finder

Geologic bed dip, discontinuity, heterogeneity,
depositional history, fault & fracture determination,
thickness, fault throw, & gouge data

Coring
¢  Whole Cores
e Sidewall Cores

Reservoir lithology, laboratory quantitative pérmeability
analysis

Formation Tester

Formation fluid recovery, formation pressure testing,
formation pressure gradients, formation permeability
analysis (k), chemical constituent analysis, fluid-specific
gravity, TDS

Sonar Caliper

Formation cavern dimensions, fracture delineation

Vertical Seismic Log

Subsurface structure evaluation, fault verification,
stratigraphic interpretation

Cased-Hole Logs

Bottom Hole Pressure Survey

Formation transmissivity (kh), permeability (k), geologic

e Injection boundary determination, faults-dual porosity-

e Falloff heterogeneity

Flowmeter Injection-interval profile, flow interval percent
distribution, completion efficiency

Gradiomanometer Fluid-density variations

Fluid Flow Surveys Prove fluid zone isolation, profile of behind-casing fluid

¢ Temperature Survey
Radioactive Tracer Survey
Oxygen Activation (OA)
Noise Log

+ flow, waste fluid interval top, quantify fluid flow &

direction

Casing/Cement Evaluation

¢ Log Acoustic Cement Bond
o Cement Evaluation -

s  Ultra-Sonic Imager

Injection interval/zone isolation, waste
emplacement/confinement, cement bond sheath,
quantitative cement analysis, profile cement & casing
integrity

e Thermal Decay Time

Determine top of cavity
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WELL MONITORING LOGGING AND TESTING METHODS

Logging/Testing Method

FOR HAZARDOUS WELLS

Results

Frequency

Annulus Pressure Test, Liquid or
Gas

Determine significant leak in
casing, tubing or packer

Annually, or after any major
well workover which involves
pulling injection tubing, or loss of
well mechanical integrity

Fluid Flow Surveys

¢ Temperature Survey

¢ Radioactive Tracer Survey
(RTS)
Oxygen Activation (OA)
Noise Log

Determine if any fluid
movement occurs through
vertical channels adjacent to the
well bore, demonstrate zone
isolation, demonstrate fluid
profile behind-casing, if any,
and determine waste fluid
interval top and quantify fluid
flow

Annually conduct RTS survey, or
after any well workover which
involves pulling injection tubing
or loss of well mechanical
integrity. Once every 5 years run
temperature log over entire
injection casing interval to
determine movement of fluid
along the borehole

Sonar Caliper Formation cavern dimensions, Annually
fracture delineation
Bottom Hole Pressure Survey Formation transmissivity (kh)  Annually
e Injection Permeability (k)
e Falloff Geologic boundary
determination,
Faults-dual porosity-
heterogeneity
Flowmeter Injection-interval profile Annually
Flow interval percent
distribution,
Completion efficiency
Gradiomanometer Fluid-density variations Annually

Casing/Cement Evaluation Logs
® Acoustic Cement Bond

e Cement Evaluation

e Ultra-Sonic Imager

Injection interval/zone isolation,
waste
emplacement/confinement,
quantitative cement analysis,
profile cement & casing integrity

Once every 5 years conduct casing
evaluation log unless waived by
the permit agency. Also can be
required when injection tubing is
pulled

Thermal Decay Time Determine top of cavity Annually
Corrosion Monitoring Determine comparability of Annually
waste fluid with well
materials. A coupon is placed so
that it is exposed to the waste
stream.
Annulas Pressure & Fluid Tank Annulus pressure is monitored to  Continuously monitor annulus
Levels ensure no significant leak in the  pressure and daily monitor fluid

casing, tubing or packer. Fluid
tank levels are measured to
ensure no significant leaks exist
in the annulus.

tank levels to ensure no
significant leaks in the annulus
system
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Arsenic is one of the chemical constituent specifically mentioned in the 1996 Amendments
to the Safe Drinking Water Act. Currently, the federal standard for arsenic in public
water supplies is 50 parts per billion (ppb). EPA officials have indicated that the arsenic
standard may be lowered to between 2 ppb and 20 ppb. A knowledge of
hydrogeochemical processes and hydrogeological distribution of elevated concentrations
of arsenic in water is necessary for effective management of ground water in Minnesota.

Chemical analysis from Minnesota Pollution Control Agency - Ground Water and
Assessment Program, and geochemical data on geological materials from various
previous studies in the state were used to study the arsenic nature and distribution. The
elevated background content of arsenic in materials ( 17 - 26 ppm) were found from core
samples of Quaternary sediments in western Minnesota. The arsenic in water exists
mostly in two oxidized species as As(III) and As(V). However, the elevated arsenic
concentration exists in the form of As(IIT) under mildly suboxic conditions (Eh = -200 --
+100 mV). The EQ3 modeling showed that arsenic in water is highly undersaturated with
respect to any arsenic minerals suggesting that its solubility is not controlled by arsenic-
containing compound. MINEQL + adsorption model was used to study adsorption of
arsenic on ferric hydroxides. Modeling and sensitivity analysis performed indicate that
arsenic concentration and mobility is controlled at least partly by iron in solid phase. The
species of As(IIl) in water were reasonably well correlated in case of the presence of
sufficient quantity of arsenic and iron in the solid phase. For the highest arsenic content
(91 ppb) in water the best convergence were achieved for arsenic of 45 ppm and iron of
2.5% in sediments. Dissolved arsenic shows no significant correlation with dissolved iron
( R=0.12). However, the depth distribution of total arsenic and iron in Quaternary
sediments shows reasonable correlation ( R=0.6 - 0.65). Based on this analysis the state is

divided into five hydrogeochemical domains.

The highest concentration of arsenic is in Quaternary Buried Aquifer System in which the
arsenic is mobilized from sediments under mildly suboxic environment.
The source of the arsenic is presumably the parent fine till material with significant

presence of iron hydroxides covering this domain. Further research is needed to verify

218



many aspects of modeling. The research should include: 1) detail sampling program to
map spatial and temporal variability; 2) flow tube design to address in detail the
geological, geochemical, hydrogeological and hydrochemical framework of high
concentration of arsenic; 3) e)lcperimenta.l measurements of sediments and fluids to verify

or modify adsorption model.
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Arsenic in ground water
of Minnesota
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® Quaternary Buried Artesian Aquifer System
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Minegl+ (As modeling)

File linput parameters species modeled|field, ppb/ %ads. |field& remarks
name/well itotal As&Fe3+ value in model
County Depth !sedim.concentration | mole mole speciaton agreem.
Minegl As03=3.3E-3M H3AsO3 92 ppb/3.6E-7 99 33%!As from
#197795 (23.5 ppm As) reas SWRA1 well
Ottertail 205 Fe3+=4.7 M(2.5%) 1.21E-07|H3As03 agreem. 1int.49-130
197795 Ro AsO3=1.9E-3M H3AsO3 92 ppb/3.6E-7 99 order dif |sed. As low
#197795 (13.2 ppm) poor SWRA2 well
Ottertail 205 iFe3+=4.7M(2.5%) 6.97E-08{H3As0O3 agreem. |int.104 -252
new mdo 'AsO3=6.3E-3M H3AsO3 92ppb/3.6E-7 99 64%;As from
#197795 l(44.61ppm) good SWRA1
Ottertail 205 (Fe=4.7M(2.5%) 2.30E-07[{H3AsO3 agreem. |int.189 -205
112844 :AsO3=3.5E-3 H3AsO3 19.27/7.74E-8 | 100 86%|As from
#112844 {(25ppm) good | SWRA1 well
Cottonwood75 ‘Fe3+=4.7M(2.5%) 9.00E-08{H3As0O3 agreem. {int.78 -130
138773:As03=3.5E-3 H3AsO3 15.38/6.15E-8 | 100 55%|As from
#138773 .(25ppm) reas. _ |SWRA1
Cottonwood 12Fe3+=4.7M(2.5%) 1.11E-07|H3As03 agreem. |int.78 - 130
138773a As03=4.0E-3M H3AsO3 15.38/6.15E-8 | 100jorder dif |As increased
#138773 (28.5 ppm) - |poor arbitrarely
Cottonwood 1ZFe3+=4.7M({2.5%) 1.27E-07|H3As0O3 agreem.
138773b iAsO3=1.9E-3M H3As03 15.38/6.15E-8 | 100 98%|As from
#138773 }(13.2 ppm As) good SWRA2 well
Cottonwood 1ZFe3+=4.7M(2.5%) 6.04E-08|H3As0O3 agreem. |int.104 -252
163205a [As03=5.6E-3M H3As03 5.49/2.2E-08 100 factor of|As increased
#163205 «(40ppm As) . 4 |arbitrarely
Lyon 80 ‘Fe3+=8.5M(4.5%) 8.69E-08{H3As03 differen. |K unit
163205b 1AsO3=5.6E-4M H3AsO3 5.49/2.2E-8 100|factor of |As from
#163205 (4 ppm) ‘ 2.5|cuttings
Lyon 80 ‘Fe3+=8.5M(4.5%) 8.66E-09{H3As0O3 differ. {K-186 D.S.
163205¢ iAsQ3=1.4E-3M H3AsO3 5.49/2.2E-8 100|very As from
#163205 (10 ppm) good cuttings
Lyon 80 Fe3+=8.5M(4.5%) 2.17E-08H3As0O3 agreem. lincr.2 times




Well #197795 adsorption modeling on Fe3+

hydroxides :
Qutput
Obs.> Species ID>= Name> Type> Conc.2
1 9 AsO3(3-) 1‘ 9.56E-21
1 255900 Fe(st)H2As03 2 7.75E-05
1 256000 Fe(wk)H2AsO3 2 0.00322
1 - 26600 HAsO3-(-2) 2 7.87E-15
1 26700 H3As03-3 2 1.21E-07
1 26800 H2AsO3-(-1) 2 6.45E-10
1 26900 HA4AsO3 +(+1) 2 7.8E-16
1 ‘ 204000 ARSENOLITE 5 5.79E-25
1 204100 CLAUDETITE 5 9.57E-25
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LogC=

-20.02
-4.111
-2.492
-14.104
-6.916
-9.19
-15.’108
-24.237

-24.019

LogK> %Total>

0

38.67
38.67

12.92
34.1
24.83
32.91

139.84

140.06

0
.23
97.6

0
0

H#HEHA
HHRH



For As(V)

>FeOH + H3As04 = >FeH2As04 + H20
>FeOH + H2As04- = >FeHAsQ4- + H20
>FeOH + HAsO4 2- = >FeAsQ4-- + H20
>FeOH + AsO4 3- = >FeOHAsO4 3-

For As (III)

>FeOH + H3AsO3 = >FeH2AsO3 + H20
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Well#112848, Nobles Co, depth 85 ft
T. 101 R. 43 S.14
QBAA (Low As=1.05ppb )

Input data EQ 3 modeling

Temperature (C) | 11.0 |Density(gm/ecm3)| 1.000
Total Dissolved Salts | | mg/kg | mg/l |*not used
Electrical Balancing on | | code selects|*not performed
SPECIES | BASIS SWITCH/CONSTRAINT| CONC/ETC | UNITS OR TYPE
redox 0.365 Eh

Na+ 13.1508 mg/kg

K+ : 1.3079 mg/kg

Ca++ 116.432 mg/kg

Mg++ 51.0742 mg/kg

B+ 6.64 PH

HCO3- _ 329 ng/kg

Ccl- 31.22 mg/kg

S04-- 54.27 mg/kg

Mn++ 0.0009 ng/kg

H2AS04- 0.002 mg/kg

Fe++ 0.0023 mg/kg

8io2 (aq) 13.6653 mg/kg

Sr++ _ 0.2930 mg/kg

Output data (Arsenic)

Agqueous species accounting for 99% or more of H2As04-

Species Factor Molality Per Cent
H2As04- 1.00 7.2217E-09 50.89
HAsO4-- 1.00 6.96893-09 49.11
Total 1.4191E-08 100.00
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Well #197795 , Ottertail Co. depth
2151t

| T.136 R.44 S.25
-~ QBAA (Highest As = 91.2 ppb)

Input data for EQ3 modeling

Temperature (C) | 8.2 | Density(gm/cm3)| 1.000

Total Dissolved Salts | | mg/kg | mg/1l |*not used

Electrical Balancing on | : | code selects|*not performed
SPECIES | BASIS SWITCH/CONSTRAINT| CONC/ETC | UNITS OR TYPE |

.............................................................................. |

redox -0.025 Eh

Na+ 8.62 mg/kg

K+ 5.066 mg/kg

Ca++ 105.35 mg/kg

Mg++ 32.41 mg/kg

B+ 6.71 pH

HCO3- 328 mg/kg

Ccl- 0.56 mg/kg

S04-- 82.44 mg/kg

Mn++ 0.1635 ng/kg

H2As04- 0.17156 mg/kg

Fe++ 1.7056 mg/kg

sio2(aq) 14.3158 mg/kg

Sr++ 0.5235 mg/kg

Al+++ 0.125 ng/kg

Zn++ 0.1361 mg/kg

QOutput data ( Arsenic)

Agqueous species accounting for 99% or more of H2AsO04-

Species Factor Molality " Per Cent
HASO2 (aq) 1.00 4.3317E-07 35.58
As (OH) 3 (aq) 1.00 4.1613E-07 34.19
H3As03 (aq) 1.00 3.6626E-07 30.09
Total ' 1.2173E-06 99.86
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Stability fields for dissolved forms
of arsenic as a function of Eh and pH
(Quaternary Burried Artesian Aquifer System)

300
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Stability fields for dissolved forms of arsenic
as a function of Eh and pH
( all Hydrogeochemical domains)
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622

Arsenic Concentrations in Geologic Materials

Location Geological unit |Sample type Range, ppm|Mean, ppnT Reference
Cottonwood Co.  |Quaternary |core, rotosonic #1 |<5 - 54.0 26|Setterholm, 1995
Murray Co. =~ |Quaternary icore, rotosonic #2 <5 - 33.0 17|Setterholm, 1995
Pipesone Co.  |Quaternary  |core, rotosonic #3 |<3 - 43 0 18|Setterholm, 1995
Rice Co. _|Quaternary |core, rotosonic #1125-20 | 7 H_Qpbs 1995

Rice Co. _|Quatenary _|core, rotosonic #2 (6.0 - 19.0 | 11|Hobbs, 1995
Rice Co. Quaternary core, rotosonic #3 <5 - 12 0 9|Hobbs, 1995
Stearns Co.  |Quaternary _ |core, rotosonic #3 |<2 - 14 | = 4|Meyer, 1995
Stearns Co. Quaternary core, rotosonic #5 <2 - 17 - 4 |Meyer, 1995
L'”CO'" Co |Cretaceous _|core |1.0-700 =~ 7 Setterholm 1997_
Yellow Medicine Co.|Cretaceous _|core  140-7.0 |  5|Setterholm, 1997
Lac Qui Parle 99..._. Cretaceous  \core ..|30-440 ) = 22{Setterholm, 1997.
Lyon Co. |Cretaceous CU"!'"9§,_A |1.0-9.0 | 7|Setterhoim, 1997
Thief R. Falls Quad Quaternary  |stream s sednments 0.0 -56.0 |  2.7|NURE, 1981
Watertown Quad. |Quaternary stream sediments |0.5 - 13.2 3.6|NURE, 1981 a
New Ulm Quad. Quaternary stream sediments {0.1 -20.6 3.6|l NURE 1979

St. Cloud Quad.  |Quatemary |stream sediments 0.1 - 9.2 2.6|NURE, 1979 a
Mlllbank Quad. 1Quaternary stream sediments (0.1 - 22.7 | 3|NURE, 1981 b
Grand Forks Quad. |Quaternary  |stream sediments 10.1 - 10.0 |~ 2/NURE, 1981c
Fargo Quad. Quaternary stream sediments |{0.3 - 200 2 7|NURE, 1981 d




0ee

FURTHER RESEARCH NEEDS:

- Establish sampling program to map spatial and temporal
variability

- Design a flow-tube to address in detail the geological,

geochemical, hydlmgeo]lognca]l and hydrochemical framework of
high concentration of arsenic

- Experimental measurements of sediments and fluids to verify

‘adsorption model
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Modeling Fate and Transport of
Petroleum Constituents in
Vadose and Saturated Zones
Using SESOIL and AT123D
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What is SESOIL?

O Semi-analytical chemical transport and fate
model |
Q Simulates water movement, sediment transport,
and pollutant transport and fate in the
unsaturated zone
o Assumes chemical equilibrium

o Can estimate leaching of contaminants to
groundwater and transfer of volatile compounds to

the atmosphere
Q Includes a variety of options for mass loading
and to address heterogeneity

SESOIL Model

Q SESOIL stands for Seasonal Soil compartment
model

QO Developed by Marcos Bounazountas and Janet
Wagner of Arthur D. Little, Inc., for U.S. EPA’s
Office of Toxic Substances (1981)

QO Extensively modified by David Hetrick at Oak
Ridge National Laboratory (1986)

Q Designed to predict the long-term transport and
fate of chemicals in unsaturated soil
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SESOIL Compartment

The SESOIL p-.’”ﬁ?_ ___| ROOTZONE
Compartment 5>
' SUBSOIL

WATER TABLE _" ‘.. CAPILLARY FRINGE
GROUNDWATER
Hydrologic Cycle

- Based on the unsaturated zone watér balance |
model of Eagleson (1978)

» Climate, Soil and Vegetation, Water Resources
Research, v. 14, no. 3, p. 705-776

QO Statistical dynamic formulation of a vertical water
balance , _
o Statistical model generates storm events
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HYDROLOGIC CYCLE SCHEMATIC

Precipitaiion

Evapotranspiration Q

~ Soil Surface

~ SESOIL
Compartment

v
Water Table

Groundwater Runoff

SESOIL Hydrologic Cycle
Assumptions

Q Soil column is homogeneous and isotropic
o Effective porosity and permeability are uniform
Q Soil water flow is one-dimensional vertical
Q Uniform soil moisture content for the entire soil
column at “long-term” average value
Q Precipitation
« Storm series is represented by Poisson arrivals of
rectangular gamma-distributed intensity pulses
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SCHEMATIC OF CHEMICAL PHASES

Volatilization infiltration Surface Runoff

Washload

2] Upper Soil

LEGEND - Layer
Equilibrium = | Upward D
— DT e ownward
Partitioning Diffusion Leaching
. . E
Soil Air %% Middle Soil
A Layer
Soil Water Upward Downward
Diffusion Leaching

| Soil Soilds

»' Lower Soil
4 Layer

Water Table
Groundwater
Recharge

Pollutant Depth Algorithm -

Q Determines the depth that the contaminant has
reached in the soil column

Q Accounts for advective velocity of soil water and
retardation

O Contaminant mass is not released downward
from a sublayer until the pollutant depth reaches
the bottom of that sublayer
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Groundwater MixingZone'

O Simple dilution factor (volumetric mixing)
» Based on Summers model

« Contaminant mass in groundwater recharge mixes
with flowing groundwater in a control volume
(mixing zone)

O Combines contaminant mass balance and water
balance for the mixing zone

Q Assumes contaminant mass is umformly mixed in
the control volume

* Yields average groundwater concentration in the
. mixing zone

The Linkage Between SESOIL and AT123D Models

SOURCE

MONITORING WELL
SESOIL cE
KAGE:}

]
'-LEAKAGE:
Model : R e
' ISR
HERPIRY B ,“ ‘ _.
| | DPLUME -
Model Z } .
FLOW

SATURATED
ZONE

L7777 7777777777777 /777777777777777777777777777
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AT123D Model

O AT123D stands for Analytical Transient 1-,2-, and
3- Dimensional model |

Q Developed by George Yeh at Oak Ridge National
Laboratory for DOE and U.S. EPA’s Office of
Toxic Substances (1981)

Q Designed to predict the transport and fate of
chemicals, radionuclides, and heat in
groundwater for simple aquifer systems

Q Handles a variety of source configurations and
release rates

AT123D Assumptions

Q Aquifer is homogeneous
» Porosity and permeability are uniform
Q Groundwater flow is 1-dimensional horizontal
* Hydraulic gradient no more than a few percent
QO Advective velocity determined by Darcy’s law
O Groundwater flow is at steady-state
Q Anisotropy is handled by varying the dispersivity
Q Retardation is uniform throughout the aquifer

239




AT123D Transport and Fate
Processes

Q Advection

Q Hydrodynamic dispersion
* Mechanical dispersion
» Molecular diffusion

Q Retardation

Q First-order decay
+ Single decay term

Governing Equation

é:Vo(EOVC]?V0ZC+ M
V7" R R

nR

- AC

solute concentration (mg/L)
dispersion tensor (mé/hr)
retardation factor (unitless)
average linear velocity (m/hr)
mass loading (kg/hr) .

effective porosity (m3/m3)
first-order decay constant (i/hr)

NI I AAUO
iwmn uanmn
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Conceptual Model of Contaminant Fate and Transport in the Subsurface

(Unsaturated Zone)

~ Groundwater.
© (Saturated Zong) . - .




Pollutant Depth vs. Time

s 1 "% P 25
P 1 ! g 1 I
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—+8
<%
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1s
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Le

SESOIL RESULTS

PREDICTED MIGRATION RATE OF BENZENE FROM
THE VADOSE ZONE SOILS TO GROUNDWATER

Ave. Annual Concentration vs. Time at 360 cm
_ Depth

~

s Dissolved (ug/mp
CONC

" Adeorbed (Ugig)

. Airin-Pores (ugfecm3d

SESOIL RESULTS (Continued)
PREDICTED LEACHATE CONCENTRATION OF BENZENE AT THE WATER TABLE.
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Pollutant Depth vs. Time

¢ L3 1 15 p- ] 25 3 ¥
[l | ] i ! l
i ! 1 L] 1

+8
s

DEPTH (cm)

YEAR

Note: Dissolved phenanthrene migrated less than 2 inches for 60 years.
SESOIL RESULTS
PREDICTED MIGRATION RATE OF DISSOLVED PHENANTHRENE
IN THE VADOSE ZONE SOILS.

Ave. Annual Concentration vs. Time at 90 cm
Depth

CONC - / Dissolved (ug/m}

YEAR

SESOIL RESULTS (Continued)
PREDICTED LEACHATE CONCENTRATION OF PHENANTHRENE
AT THE MIDDLE OF CONTAMINATED SOIL LAYER.
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Concentration (ug/L)

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

Year

Note: AT123D simulation is based on a time-varying release (1935 - 1985) predicted by SESOIL (an area source of 225
square meters at soil sample location 11-F upgradient from weil 11-MWO05).

SESOIL AND AT123D LINKAGE
SIMULATED BENZENE CONCENTRATIONS IN GROUNDWATER AT THE SOURCE
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Concentration (ug/L)
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Peak concentration will be reached 55 years
after the beginning of release.
AWQCG = 700 ug/L will not be exceeded.

0O O O O O
4 ~ ~ ~

1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

~ L g L] Ll L 1 1 | T L) L) L] L)

Year

Note: AT123D simulation is based on a time-varying release (1935 - 1985) predicted by SESOIL (an area source of 225 square
meters at soil sample location 11-F upgradient from well 11-MWO05 which is located 14 meters upgradient from the shoreline).

SESOIL AND AT123D LINKAGE (Continued)
PREDICTED BENZENE CONCENTRATIONS IN GROUNDWATER AT THE SHORELINE.




CONCLUSIONS

o SESOIL and AT123D are effectivé tools for a
“first cut” fate and transport simulations

o Petroleum mixtures may be modeled using
- representative constituents, because both
models allow simulations of only one chemical
at a time

o Biodegradation rate, soil - water partitioning,
climate, effective solubility (SESOIL), hydraulic
gradient, and hydraulic conductivity (AT123D)
are highly sensitive variables
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Contaminant Hydrogeology of Radionuclides
at Lawrence Livermore National Laboratory Site 300

g
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Generalized Geologic Map of the
San Francisco Bay Area g
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Conceptual hydrogeologic model for the East and
West Firing Area study area
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Geologic map of the Building 850 study area
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Geologic cross-section

1430

1428
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Qo Alluvium, colluvium, ravine fili; dark | andesito and basalt cobblos In
sand clay, sandy siit, siity clay, clay, a sand matrix. Intorbods of
gravols. sandstono also occur,
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Tritium

o “Di-neutronated” hydrogen

o Half-life of 12.3 y, decays to stable He
o Weak beia emitter ‘

o |deally conservative tracer (HTO)

o Used 20,000 Ci at B850 (1963-78)

o Background activitiesin rain water are 200-300 pCi/L
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Isopleth map o7 ground water tritium acdivity (pCi/k) for
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Soil core tritium downgradient of Pit 3 1L,
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Uranium geochemistry

o Uranium is mobile in. oxygenated, bicarbonate dominant
waters at pH > 6 and forms carbonate complexes

o 234y i preferentially leached from rocks
° @234, ,/A238; > 1 for natural waters
o 824, ,/A238,, < 1 for some 23%U depleted waters

° M235UIM238U = 0.0072+/—0.0001 for Upat
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Total uranium (pCi/L) in ground water in the
northern EFA/WFA study area, 2nd Quarter, 1994 9
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Pit 7 Complex RCRA actions L,

Legend
o ~~ Ground surface elevation,
2 50-ft contour interval
- (ft above MSL)

~_q.. Surface water control
ditch & direction of flow

esseee Subsurface drain

- a= Area where subsurface
drain exposed to surface

Scale : feet
0 125 250

Limit of RCRA cap
construction activities

V-notch ditch schematic cross-section Subsurface drain schematic croso-ocction

Previous B/F
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Water level changes in the Pit 7 Complex,
~ early February to late March, 1986

Legend

K7-03-¢-  Monitor well
Note: Onily welis
completed prior to
March 1986 are shown

6’— Ground water etevation
— increase (ft)

Scale : feet
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e
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Water level changes in the Pit 7 Complex,
November 1992 — April 1993

Pit 3

Legend

-0~ Monitor well

7~ Water level change
Vv contour (ft)
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~ Water level changes in the Pit 7 Complex,
November 1994 — April 1995

Legend
-¢- Monitor weil

-~ Water ievel change
YV contour (ft)

Yard
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Potential and/or actual exposure points

in the EFA/WFA study area

3 _O Hypothetical
water-supply

well
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G

Legend

O Contaminants bounds to
resuspended soil particles.

N, .

“<w 2 Building 801

\

/\ Contaminants that evaporate
or volatilize from soil into air.

C=="> via ground water to a potential
Trittum exposure point.

1 TCE and other VOCs
] Tritium
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Pit 7 Complex RCRA actions | g

Legend
o Ground surface elevation,
& 50-ft contour interval
- (ft above MSL)

¢ Surface water control
ditch & direction of flow

1 <<% o o Subsurface drain

Scale : feet
[+] 125 250

7400 S - )

== 1360 "

Limit of RCRA cap
construction activities

° °;;“°
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- [-]
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Schematié cross-section

Subsurface trench
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Cdsit Summary

Building 850

o Institutional controls and monitoring
(up front costs)

o Monitoring
(annual costs)

o Interceptor trench and infiltration gallery

Pits3and 5
o Institutional Controls and Monitoring

(up front costs)

- o Monitoring .
(annual costs)
o East Side V-notch Ditch

.o Barrier and Trench

$140K

$ 75K

$750K

$100K

$ 80K

$340K
$6.2M
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Summary o : | @

o We ii.tegrated many mvestlgatwe techniques to develop our conceptual
models.

o Complex geologic structures in the area complicate hydrogeology

o Observation of tritium migration improved our conceptual hydrogeologlc
model

o Chomliecals migrating in ground water from the Building 850/landﬂll area
pe9e a low human health risk

° Doopite tho low risk, we are designing conceptual engineermg solutlons to
provont future releases to ground water



HydroPhysical™ Logging: A Review of
Applications and Case Studies

William H. Pedler
COLOG, Inc.
Golden, Colorado

July 8 - 9, 1997
JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR

Russian - American Center for Contaminants Transport Studies
Ernest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720
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HydroPhysical™ Logging : A Review of Applications and Case Studies

at

JOINT RUSSIAN-AMERICAN HYDROGEOLOGY SEMINAR
Russian - American Center for Contaminants Transport Studies

Ernest Orlando Lawrence Berkeley National Laboratory
Berkeley, California 94720

by

William H. Pedler
Research Hydrogeologist
COLOG, Inc.
Golden, CO



HYDROPHYSICAL™ [ OGGING SUMMARY

o Technique applicable in a wide variety of hydrogeologic
settings: low to high yield bedrock, alluvial/porous settings,
karst and volcanic aquifers

Both open boreholes and completed wells can be characterized

o

o

Water bearing intervals are identified to one borehole diameter
resolution | | |

A wide range of interval specific flow rates can be quantified
(0.01 to 100+ gpm)

o

Flow rates can be assessed independent of borehole diameter

(+]

o Wellbore flow is evaluated under ambient or stressed aquifer
conditions

o Larger volume of aquifer is investigated than by traditional
packer testing

o HpL™ is more time and cost effective than packer testing

o Interval specific water quality can be evaluated

o Capable of single and cross-hole aquifer characterization (i.e.
evaluate larger scale hydraulic connections between two or

more wells)

o Equivalent data output as packer testing (Ap and Aq) for
transmissivity and hydraulic conductivity calculations
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HYDROPHYSICAL™ LOGGING TEST PROTOCOLS
SINGLE WELL TESTS
Ambient flow evaluation (both vertical and horizontal flow)

emplacement and continuous FEC profiling

Very Low Yield Wells

—> Slug or Rising Head Test after DI Emplacement

emplacement, baseline log, slug removal and periodic FEC logs

'Low to Moderate Yield Wells

—> Low Rate Pumping after DI Emplécement

emplacement, baseline log, low rate pumping and continuous FEC
logs

Moderate to High Yield Wells

—> Pumping During DI Injection

pumping and FEC logging until quasi-steady state drawdown
condition,

start DI injection, |
raise pumping rate to maintain constant formation production
rate, ,

continuous FEC logging until stable, diluted FEC logs observed
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CROSS-HOLE TESTS

Ambient flow evaluation of observation wells under stable well
field conditions

emplacement and continuous FEC logging

Initiate pumping and monitor water levels

traditional pump test activities

Cross-hole flow evaluation in observation wells

emplacement and continuous FEC logging
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8{ LOéGING TRUCK—l [ FLUID MANAGEMENT TRAILER |

it e e ey
" OPEN BOREHOLE SUBMERSIBLE PUMP ! .
FULLY SCREENED.OR T e e
MULTI-SCREENEQ WEL_L_J
INFLOWING

FORMATION WATER
—_

EMPLACED :
DEIONIZED WATER [

Ak

"ONTAMINATION. - .

g~ |5

2 HYDROPHYSICAL
LOGGING TOOL

T =
P -

DEIONIZED
INJECTION
WATER RISER

-———d 54

2

The HpL technique involves injectiorif riVironmentally sale deionized water into the wellbore .
and logging over time to attain FEC profiles. HpL can be conducted in an open,
competent borehole in hard rock or in a fully completed, single or multi-screened/perforated well.
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Top of Well
or Interval

Cas |-

C,q; — L

C, gy —

C| Q‘ e »

Schematic of well with
mulliple producing zones.
During pumping/non-
pumping conditions, each
zone is characterized by
two parameters: volumetric
rate of inflow/outflow, g;,
and interval specific
concentration, c;, of the
constituent of interest.
These constituents range
{rom total dissolved solids
(TDS), pH, and hardness
(calcium, magnesium, iron)
to aqueous phase VOCs,
pesticides and
radionuclides,

X

Flow

Y

Qi +Q+05+Q

/

Flow schematic with the
pump set above the upper-
most producing intervals
{e.g. fractures); a step
change increase in flow will
occur at each producing
interval. As fluid moves
from the bottommost
interval toward the pump,
the flow rate will increase in
a step-like function until the
point above X5 where total
flow is abserved.

Principles of HpL Logging

Interval Specific Fluid
Electrical Conduclivity

(us/cm)

.
Pou-

g,
[ 1c,
 lc,

¢,

in addition to quantification
of fiow, Hpl. evaluates
interval specific fluid
electrical conductivity
(~TDS).

Fluid Electrical
Conductivity
(FEC)

The integrated relationship
between flow and FEC
results in a unique time
series of electrical
conductivity profiles
during pumping after the
borehole is flushed with
deionized water,

Interval Specific

Aqueous Contamination

Concentration

(ug/M

Y

I YA

o,

[ 1c,

1 c,

Y

As HpL can identify water

bearing zones during

pumping, a downhole
discrete point fluid sampler
can be used during flowing
conditions to obtain
samples above each
interval. The observed
concentrations generated
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FIGURE 2.

SUMMARY OF FEC LOGS FOR AMBIENT VERTICAL FLOW CHARACTERIZATION,
LETTERKENNY ARMY DEPOT, CHAMBERSBURG, PA; WELL 85-DA6
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FIGURE 9. SUMMARY OF FEC LOGS DURING AMBIENT FLOW CHARACTERIZATION,
LETTERKENNY ARMY DEPOT, CHAMBERSBURG, PA; WELL 95-DA7.
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FIGURE 10. CHROMOGRAPHIC SUMMARY OF FEC LOGS DURING AMBIENT VERTICAL FLOW CHARACTERIZATION,
LETTERKENNY ARMY DEPOT, CHAMBERSBURG, PA; WELL 95-DA7.
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FIGURE W202AR1:3. SUMMARY OF HYDROPHYSICAL LOGS FOR SL.UG TEST AFTER
EMPLACEMENT: WELL: W202ARI.
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FIGURE 15. SUMMARY OF HYDROPHYSICAL LOGS DURING PUMPING AT 50, 100,
AND 200 GPM, NORTH INDIAN BEND WASH SITE, SCOTTSDALE, AZ;

WELL PG-40LA
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FIGURE W205CHI1:3. SUMMARY OF HYDROPHYSICAL LOGS FOR PUMP AFTER
EMPLACEMENT TEST: WELL: W205CH1
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FIGURE 6. SUMMARY OF FEC LOGS DURING WELL PRODUCTION TEST, LETTERKENNY

'ARMY DEPOT, CHAMBERSBURG, PA; WELL 95-DA6
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Summary of HydroPhysical™ Logs for Ambient Flow
| Characterization, Stable Wellfield Conditions
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In general, the strategy of predictive modeling of flow and contaminant transport for the -
Lake Karachai area includes a) development of a regional two-dimensional flow model, in
order to estimate the regionalvﬂow and its influence on contaminant spreading, and b)
development of a local three-dimensional flow and contaminant transport model.
Spatially, the local model is the subregion of the regional model, and the boundary
conditions used for the local model are determined from the regional model. Therefore,
as the first step, the spatial distribution of transmissivity averaged over thickness must

be found for the regional flow model.

The total regional area of investigation, covering a zone of the shallow ground water
system, is about 200 km?. During the last thirty years, many hydraulic well tests were
performed here by different organizations, providing hydrogelogical and engineering
geological site characterization. These tests have a varying quality of available data, and
our analysis shows that a hydraulic property averaged over the thickness of the aquifer,
i.e., the transmissivity, can be found properly from this data. Over 30 years, about 300-
wells were drilled within the territory. Well investigations include stratigraphic and
structural interpretation (revealing fractured zones) hydraulic properties determination,
telephotometry , resistivity logging, and other types of geophysical logs. All hydraulic
tests conducted can be divided into the following types: a) single well pumping tests; b)
injections into screened intervals of the well, or packer tests; and c) cluster pumping tests.
The reliability of the information obtained by different types of tests varies. The data of

cluster pumping tests are considered to be the most reliable.

All test data were divided into the categories "hard data" and "soft data." In the hard data
set, the transmissivities are estimated reasonably precisely, and for the soft data set, just -
the specific discharges were measured correctly, or only these data were available.
Therefore, the main difference between the hard and the soft data is the reliability of

information for transmissivity estimation. In the hard data set, the transmissivities used
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were determined directly from the test data. In the soft data set the transmissivities were
calculated for the given specific discharges by using the equation determined from

correlation between the discharge and the transmissivity. |

From this selection, the total number of transmissivity values in the hard data set is 175
spatially distributed points, and in the soft data set, 100 points. The map of the areal
distribution of these data is shown in Figure 1. This map shows that the spatial
distribution of points with given transmissivity values is non-uniform. Thus, the highest
density of tested points is between the lake Karahai and the bank of the Mishelyak River,
on the contaminant flow path from the lake. The lowest density of points is in areas
away from the lake; however, the probability of contaminants moving there is not

significant.

For the estimation of anisotropy of the transmissivity field, the semivariograms for North
- South, West-East and for all directions were calculated, using GSLIB subroutines. It was
assumed that the main anisotropy axis coincides with the North - South direction,
appropriate to the main tectonic alignment of the Urals region. According to the results
shown in Figure 2, the empirical semivariograms for the .orthogonal directions practically
do not differ from each other, nor from the semivariogram calculated taking into account
all data for all directions. The semivariogram for all directions was fitted by a theoretical
curve Var(h), that is the sum of the following components: nugget effect and exponential
micro-scale and large-scale semivariograms:
Var(h) = o +02[l —exp(=h/ A)1+ o[l —exp(=h / A )] )

where oZand o7 are the scales of variation and A,and A, are the scales of correlation

for the given exponential components.

As aresult, the correlation scales determined are 100 and 625 meters. Therefore, the total

correlation scale of transmissivity is of the order of seven hundred meters. This scale is
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less than the characteristic scale of contaminant transport from Lake Karachi to the
Misheliak river, approximately 2.5 km. About 30 % of transmissivity variability is the
sum of the nugget effect and the small scale variation, with the spatial correlation scale of
about one hundred meters. Such a character of the semivariogram demonstrates that the
transmissivity field is "weakly" predicted by spatially distributed data, with average

distances between points more than the first hundred meters.

The ordinary kriging of logarithms of transmissivity was used to create a map of expected
transmissivity values. The hard and the soft data were used together in the data set for
kriging interpolation, with the theoretical semivariogram described by eq. (1) containing
the parameter values shown in Figure 2. The kriging results are shown in Figures. 3 and 4.

Figure 5 illustrates the standard errors of kriging-interpolation. This figure also shows the

poor predictivity of the transmissivity field.
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Fig. 4 Image of Log Transmissivity calculated by ordinary kriging. The black solid
circulars are points of well with estimated transmissivity (all data).
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Fig. 5 The map of conditional variation of Log Transmissivity estimated by kriging. The
red circulars are the points of well locations.
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Neural Network

During the last decade, application of the neural networks for modeling the complex multi-dimentional field
data greatly increased. These widespread applications have been due to several attractive features of neural
networks. For example, these models do not require specification of a structural relationship between input
and output data and can extract and recognize underlying patterns, structures, and relationships between
data. However, developing a proper neural network model that is an "accurate" representation of the data
may be an arduous task which requires sufficient experience with the qualitative effects of the structural
parameters of neural network models, scaling techniques for input-output data, and a minimum insight into
the physical behavior of the model. In addition, neural network models are frequently complex, need a large
number of precise data, and the underlying patterns and structure are not easily visible. Conventional neural
networks are also not usually stable and their performances are seriously affected once subjected to long-
term prediction. Also, unlike statistical methods, conventional neural network models can not deal with

probability.

Neuro-Statistical Model: In a model-based control of fluid injection into low permeability, it is of great
importance to characterize how the injection pressure is related to injection flow rate based on historical
data. However, data from injectors are often difficult to analyze due to their complexity, uncertainty, and
the fact.that a physical relationship cannot be established to show how the data are correlated. In addition,
analysis of these data is Jaborious and human ability is limited in its understanding and use of the information.
Unfortunately, only linear and simple nonlinear information can be extracted from these data by powerful
tools of statistical methods such as ordinary Least-Squares (LS), Partial Least-Squares (PLS.), and nonlinear
Quadratic Partial Least-Squares (QPLS). However, if priori information regarding the nonlinear input-
output mapping is available, these methods become more useful. In regards to mathematical modeling,
simple models may become inaccurate as several assumptions are made to simplify the models in order to
solve the problem mathematically. On the other hand, complex models may become inaccurate when
additional equations involving a more or less approximate description of phenomena are included in the
model. In most cases, these models require a number of parameters which are not physically measurable.
As a third alternative, the Neural Network-Statistical Model (NSM or Neuro-Statistical Model) provide the
potential to establish a model from nonlinear, complex, multi-dimentional, uncertain, and imperfect data.
The model uses the advantage of the neural network in conjunction with statistical methods to analyze the
data and identify the model based on data. The mode! uses neural network techniques, since the functional
structure of the data is unknown. In addition, the model uses statistical techniques because the data and our
requirements are imperfect. Statistical techniques are considered to be appropriate to deal with the nature of
uncertainty in system and human error, which are not included in current neural network models. Using the
nonlinear statistical techniques, we developed a neural network model in which the network parameters
reflect the uncertainty in the output data. In this case, instead of one value for each network parameter, 2
distribution of values has been assigned to the network parameters. Therefore, the neural network
prediction will be a distribution rather than a crisp value. The mode! has been compared with conventional
neural network models. It has been concluded that the most probable parameter for the new model is similar
to the crisp value for the conventional model. Using this concept the conventional Levenberge-Marquardt
algorithm is modified. In this case, the final global error in the output at each sampling time is related to the
network parameters and a modified version of the learning coefficient is defined. The following equations
briefly shows the difference between conventional and modified technique. In the conventional technique
weights can be calculated by,

&=+’ 1) ITe [1]

However, in modified technique the weights are given by,
AW=(I'ATAT+TTT)' 7 ATAe 2]
ANA=Y" B3]
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oo 13 [4]

Vij = Im+1 h_:s.tej.k
V= 6%1 [51
W=Wtké (6]

where e is error, k is gain, o is variance, I is tuning parameter, and J is Jacobian matrix.

Figure 1 shows the performance of the new network model. Figure 1.a shows the predictive
performance of the network model. In Figure 1, circles represent actual data, crosses represent the mean of
the neural network predictions, squares represent the upper limit (max.) of the network prediction and
triangles represent the lower limit (min.) of the network prediction. Figure 1a shows that the network has an
excellent performance and also the actual value always lies between the upper and the lower limit predicted
by neural network. Figures 1.b, 1.c, and 1.d are a magnification of Figures 1.a, 1.b, and 1.c. As one can see
the trend in Figure 1.b, 1.c, and 1.d is the same as the trend in Figure 1.a. As we mentioned earlier, the
output from the network is a distribution rather than a crisp value. Figure 1.e shows the distribution of the
predicted values. Refering to Figure 1.e and 1.f, one can see that actual value is bounded between the one
standard deviation from the most probable value. Figures 1.f, 1.g, and 1.h show the comparison between
actual data, the most probable prediction based on the neural network, upper limit, lower limit, and one
standard deviation from the most probable prediction. Using this technique the upper and lower bound
tightened.

Even though the Levenberge-Marquardt algorithm is faster and more robust than the conventional
algorithm, but it requires more memory. Therefore, to overcome this disadvantage we need to reduce the
complexity of the neural network model and/or reduce the number of the data points used in each step of
training. In the former case, we will use the Alternative Conditional Expectation (ACE) technique [3], a
non-parametric Statistical technique, to reduce the network structure. This will be done by extracting the
patterns which exist in the data (Figures 2.a, 2.b, 2.d, and 2.€). In the next section, we will introduce the idea
very briefly. To reduce the data points used in each step of training, we will divide the data-sets into several
sub-data sets based on the pattern extracted (Figures 2.b and 2.e) using the ACE technique. In this case, we
will use the recursive technique [2, 8] for network training and then use the modified Levenberge-Marquardt
algorithm. Therefore, the final global error in the output at each sampling time is related to the network
parameters and a modified version of the learning coefficient is defined.

Hybrid Neural Network-Alternative Conditional Expecta-tion (HNACE): Recently, application of the
non-parametric statistical method such as the Altemnative Conditional Expectation (ACE) scheme for
modeling the complex multi-dimensional field data has greatly increased. Statistical techniques such as ACE
are considered to be appropriate to deal with the nature of uncertainty. In addition, the underlying patterns
and structures recognized by ACE are more visible than neural network structure (Figures 2.b and 2.e). The
ACE method is a statistical technique which can be used to find optimal transformation that maximizes the
correlation between the transformed variables in a reduced and normally distributed space (Figures 2.c and
2.f). Therefore, since the ACE technique transformed the variables into a scaled domain in an optimal
fashion, this technique can be used for scaling the input-output data for neural network structure (Figures
2.c and 2.f). In addition, since this technique can find the correlation between the variables, it can be used to
reduce the complexity of the network structure by eliminating the variables which do not introduce any new
information into the network model and more knowledge into the network model (Figures 2.g, 2.h and 2.i).
This can be done by examining the transformed variables (Figures 2.b, 2.e and 2.h).
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Neuro-Statistical Method for Contaminant Site

In a contaminated site, it is of great importance to characterize how the
contaminants move and spread. However, data from contaminants sites are often difficult
to analyze due to their complexity and the fact that a physical relationship cannot be
established to show how the data are correlated. In addition, analysis of these data is
laborious and human ability is limited in its understanding and use of the information.

Based on preliminary study, it has been concluded that it is very difficult to analyze
field data from the contaminant site using linear models or conventional statistical models
since no physical relationship exists between these data. On the other hand, the data in
this site, in spite of the richness of information, is not enough for training a proper neural
network model. Therefore, in this project, it was decided to use the advantage of the
neural network in conjunction with statistical methods to analyze the data. The model uses
neural network techniques, since the functional structure of the data is unknown. Neural
networks, unlike regression analysis, do not require specification of structural relationships
between the input and output data. In addition, the model uses statistical techniques
because the data and our requirements are imperfect. Statistical techniques are considered
to be appropriate to deal with the nature of uncertainty in system and human error, which
are not included in current neural network models.

Following is the approach used in this study.

1. Using the linear, cubic, cubic spline, and nearest neighbor techniques, the data has been
interpolated and extrapolated around the actual data points. Using this technique, we were
able to increase the number of data points by a factor of 10. The new data set and actual
data set has been checked based on conventional statistical methods to insure that the new
data has not seriously changed the original statistics. In addition, the new data has been
tested for their relevance to the original data based on conventional statistical methods.

2. Using the nonlinear statistical techniques, we developed ‘a neural network model in
which the network parameters reflect the uncertainty in the output data. In this case,
instead of one value for each network parameter, a distribution of values has been
assigned to the network parameters. Therefore, the neural network prediction will be a
distribution rather than a crisp value. Figures 1 through shows the performance of the
developed neural network model.

M. Nikravesh, Neuro-Statistical Approach, Section in the SPE 38275, 1997 and Section in
“KNOWLEDGE DISCOVERY FROM DATA BASES:INTELLIGENT DATA MINING TECHNIQUE”,

FACT Inc. and LBNL Proposal, submitted to SBIR-NASA, 1997.
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Geophysical Logs and Tests Required for Class I Deep Disposal Wells

The following is a list of geophysical logs and tests that are required for
Class 1 deep injection wells for hazardous and non-hazardous wastes:

One-year Intervals

o Radioactive Tracer Log (RTS - I'*!)

* Pathway of injected waste

* No upward migration channels by casing/cement shoe
o Annulus Pressure Testing

* Pressure up annulus (500-1000 psi) to verify no casing, tubing and packer
leaks

*  May also run OA log to verify leaks (optional). Temp and noise logs may be
used in combination especially where a RTS anomaly has been discovered

o Reservoir Testing
*  Pressure fall-off test to determine characteristics of injection zone, etc.

*  Well(s) must be shut-in for a period of time to make valid observation

Five-year Intervals

o Temperature Log

*  Must run for entire length of casing

*  Check for inter-formational movement of fluids
e Casing Inspection Log (CIL)

* To check for loss of casing material

*  Check for corrosion
e Cement Bond Log (CBL)

*  Check zone for isolation of waste

%  Well construction/loss of cement
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Well Plugging

o Run mechanical integrity test logs: RTS/Temp/Noise/OA
o Final well plugging run CIL and CBL before plugging well

Other Logging Tools for Safety

o  Open-hole logs
x  E-logs, SP log (dual induction), Neutron logs, micro E-logs, Fracture logs
o Repeat Formation Tester (RFT) ' '
*  Open hole fluid sample
x  Sample injected water from other wells
*  Collar location (CBL, temp, casing, and CIL)
o Thermal Decay Tool (TDT)
* To determine cavity top outside casing
o Sonar Caliper Log

* To determine cavity size and direction
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Discussion Highlights

V. Mironenko and C.-F. Tsang

The last session of the Seminar was devoted to impromptu contributions and informal
unstructured discussions. Some of the contributions are included as separate chapters of
these proceedings (Drozhko, E.G., et al. and Nikravesh, M.). The informal discussions
covered a variety of topics: '

theory and modeling of groundwater flow and mass transport

site assessment

deep well injection

remediation of Lane Katachay site

general problems of remediations

conclusions

AR o e

Some of these discussions are highlighted below.

Dr. J. Pashkovsky remarked that, according to theoretical investigations, dispersion
coefficient in unsaturated zone is a complicated function of soil structure. So, it is
necessary to estimate the real scale of heterogeneity of rocks for different kinds of real
soils by field experiments. Such data can help us to calibrate the theoretical models of
dispersion processes and make our forecasts more reliable.

Dr. A. Kuvaer discussed density convection impact on migration of hazardous wastes. In
particular it causes fingering of pollution front on the micro- and macro levels. This effect
greatly influences the hydrodynamic structure of flow. Improvement of predictions for
groundwater contamination processes, development of monitoring and management of
high density fluids in groundwater greatly depend on processes of density convection. Of
major importance here is the evaluation of the “finger scale/groundwater flow scale” ratio.

Stochastic processes of contaminant transport by groundwater were analyzed by Dr. M.
Shvidler, using some assumptions about the character of uncertainties of the geological
media. Distributions of the concentration of contaminants were obtained on the basis of
solutions of the Fokker-Planck’s equations. These results could be of use as a bench-
mark for numerical modeling of the impact of uncertainties on contaminants transport
processes.

From consideration of experience in deep-well injection of liquid industrial waste in

Russia (non-radioactive and radioactive ones) and the USA (only non-radioactive waste),
Dr. A. Rybakchenko inferred that this technique of waste management has prevented
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pollution of the biosphere when it is carried out under conditions of control and regulation
by authorized government institutions.

Taking into account the expansion in application of this technology in Russia and in the
Asian countries, it is reasonable to develop an international collaboration in this field with
the objective of exchanging experiences in deep-well injection, technology support in
construction of new facilities and evaluation of the operating ones, as well as in
performance of independent expert review on behalf of state and commercial institutions.
The major stress is on drinking water resources safety. |

Participants of the seminar reached an agreement for definite activities in this direction; in
particular, to prepare a proposal for the organization of an International Council or
Committee on deep injection of liquid waste, possibly within the International
Association of Hydrogeologists or other international professional bodies.

On a separate line, discussion took place on the nature of forces that cause the motion of
contaminated groundwater plume in the Karachai Lake area. Active discussion was
participated by Dr. E. Drozhko, Dr. S. Posdniakov, Dr. A. Pek, and Dr. C-F Tsang. One
conclusion was that the migration of contaminants from the Karachai Lake is strongly
influenced not only by horizontal velocities, but also by density forces. Because of this,
the topography of the aquifer bottom surface is a prime control on the direction of plume
propagation. For the construction of reliable predictive models, more detailed information
on the structure of permeability field is also necessary.

Dr. E. Drozhko discussed the current remediation activities at the Karachai Lake site and
plans for the near future. These include covering up the lake bottom sediments by hollow
concrete blocks; over the blocks will be placed a crushed rock layer, and over it, a clay
layer. Trenches will be constructed in order to intercept the runoff and underground
water from flowing into the covered lake. These measures will provide a restriction of
radionuclides, keeping them from escaping from the lake into the underground water.
Closure of the Novogorny water intake also reduces usage of the contaminated
underground water. This measure will be supported by the construction of a drainage
trench on the left bank of the Myshelyak River. On the whole, the concept of
contaminated underground water plume management at Mayak is to confine it within
boundaries, with monitoring of the system through a network of observation wells.

Strategy of contaminant attenuation and groundwater remediation was discussed by V.A.
Mironenko. The major drawbacks in many efforts in this field are: erroneously
formulated measures of remediation; poor assessment of sites; unclear priorities for
remediation; and improper distribution of funds between remediation itself and site
characterization and experimental substantiation. There is much need to assess “the best”
decision between the possible remediation alternatives, including natural remediation
(attenuation) in particular. The processes of contaminant attenuation include:
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1. dilution and displacement of contaminated water, its downward flow into the deep
zones,

2. dispersion and diffusion,

3. capillary suction into the porous matrix,

4. volatilization,

5. physical and chemical interactions and transformations,
6. biodegradation.

The mentioned drawbacks in remediation could be essentially limited by the trial-and-

operational, i.e. “self-teaching” approach, which permits a proper assessment and

adjustment of final goals of remediation as well as its “best” choice. Such an approach

does not demand remediation of the contaminated site completely, but guarantees the

necessary groundwater quality at definite output points (e.g., water-intakes, springs and

so on) under protection, i.e. in the real place and time of water usage. Within an

assessment of “the best” remediation decision, three possible major alternatives can be

successively considered:

1. npatural attenuation (no action approach) with some provisions for monitoring
regulations, and maybe, removal of the contamination source

2. the same, plus containment measures

3. active remediation

The high protective potential of the geological media forces us sometimes to use it for
waste disposal in favor of the aboveground for biosphere safety. As an example, one can
mention the Lake Karachai site or sites for underground storage of liquid radioactive
wastes in Russia. In such cases we need a special strategy for gradual risk decreasing
which is provided for by the trial-and-operational approach also.

In his concluding remarks, V. Mironenko talked about strong limitations on our forecasts
reliability which stem from both theoretical pitfalls and (mostly) information barrier. As
for the theory of mass-transport processes, the major problems here are connected with
heterogeneity of various scales, which could essentially diverge for different processes, in
particular for flow and chemical water-rock interactions. Another important theoretical
problem is connected with a proper representation in our numerical models of
concentration field over a wide range of values (7-8 orders of magnitude in the Lake
Karachai case).

As for the information barrier, it is caused, first of all, by the lack and/or poor quality of
data on flow properties (flow field structure). In particular, working with results of
small-scale flow tests (e.g., slug tests), we are using different upscaling procedures to get
properties not of the aquifers but of the near-borehole region, which is not the same. On
the other hand, to obtain information by large-scale observation data, we are always under
uncertainty due to the non-uniqueness of the appropriate inverse problem. So, various
sophisticated methods in this field are to be considered with some reservation, and the
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principle “the simpler, the better” (which practically means zonation according to
geological features of the site) seems to be the most appropriate. In this connection, the
speaker considers the recent extensive activity in stochastic modeling of mass-transport
processes as going (in many cases) far away from the real hydrogeological needs.

It is the view of V. Mironenko that on the whole all the mentioned shortcomings of our
predictions are quite typical for many contamination sites. For the gradual removal of
contamination, the trial-and-operational strategy could be of some help. Otherwise, our
models, which are always a work of fiction, are in danger of becoming a pure waste not
contaminated by any connections with reality at all.

Finally, the speaker conveyed all Russian participants’ satisfaction and gratitude for the
excellent organizing of the workshop by the American hosts. This workshop has shown
once more that our joint research within the Russian-American Center is most fruitful for
both countries.
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Session Chair: Angelos Findikakis

Scientific Secretary: Sergey Pozdniakov

Potential remediation measures at Mayak

9.00-9.30 Parker F. L
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University
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Russian Academy
of Sciences

5.15-5.30 Tsang C.F. Conclusion remarks
LBNL

7.00

No-host Dinner

Informal discussion
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