
The Social Process of International Migration 

The social process of network growth helps to explain the 
rapid increase in the migration of Mexicans to the United 
States during the 1970s. Migrant networks are webs of 
social ties that link potential migrants in sending commu- 
nities to people in receiving societies, and their existence 
lowers the costs of international movement. With each 
person that becomes a migrant, the cost of migration is 
reduced for a set of friends and relatives, inducing them 
to migrate and further expanding the network. As a result 
of this dynamic interaction, network connections to the 
United States have become widespread throughout Mexi- 
co, and the probability of international migration from 
that country is high. 

T HERE HAS BEEN A SUBSTANTIAL REVIVAL OF IMMIGRATION 

to the United States in recent years. Benveen 1970 and 
1980,4.5 million legal immigrants (1) and at least 2 million 

undocumented migrants (2) entered the United States. The largest 
single contributor to both flows was Mexico, especially after 1965 
(3). The gross number of legal Mexican immigrants increased from 
258,000 between 1965 and 1970 to 382,000 between 1975 and 
1980 (1). Undocumented migration also increased, but the extent of 
the increase is a matter of some debate. Lower bound estimates are 
that net undocumented migration from Mexico rose from 114,000 
persons between 1965 and 1970 to 559,000 between 1975 and 
1980 121. Between 1980 and 1983, at least 400,000 Mexican 

\ ,  

migrants entered the United States (4). 
The persistence of a sizable wage gap between Mexico and the 

United States contributes to the large-scale movement northward " 
from Mexico. This economic fact alone cannot explain the spectacu- 
lar growth of migration between the two countries, however. The 
volume of Mexican migration to the United States is not strongly 
related to fluctuations in relative wages (5-3, and the upswing of 
migration in the 1970s occurred in spite of falling real wages, rapid 
inflation, and high unemployment in the United States and increas- 
ing wages and relative1~1 iow employment in Mexico (8). 

Part of the increase in migration from Mexico to the United States 
reflects the expansion of employment opportunities in the American 
Southwest, especially in services, light manufacturing, and construc- 
tion, which occurred despite the national recession of the 1970s (9). 
The increase in Mexican migration, however, is also related to 
another, more social, trend involving the growth of migrant net- 
works. A migrant network is a web of social ties that links potential 
migrants in sending communities to people and institutions in 
receiving areas. The emergence of a well-developed migrant network 
dramatically lowers the costs of international movement and gives a 
powerful momentum to the migration process. 
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Networks and the Costs of International 
Migration 

In formulating strategies to confront an uncertain economic 
environment, families in developing countries consider the costs and 
benefits of different activities that their members might pursue, one 
of which is foreign labor. The expected costs of international 
migration include costs of transportation, income forgone while 
making the move, and the psychological toll of moving to a foreign 
country. Expected returns include nonmonetary satisfactions such as 
political freedom and family reunification, but for Mexican migrants 
the most important returns are usually economic: the higher wages 
to be earned by working in a richer economy. When the net returns 
to international migration are perceived as greater than those of 
local employment or internal migration, one or more family mem- 
bers will probably migrate abroad for work. 

Within the theoretical tradition of human capital theory (lo),  
migration may be thought of as a form of investment in human 
productivity, which, like all forms of investment, has costs and 
returns (11). Potential migrants and their families try to anticipate 
these costs and benefits in deciding whether to migrate. For a time 
horizon from t = 0 to n, the costs and returns to migration can be 
described by the balance equation 

where ER(0) stands for the net return to international migration 
expected just before the planned departure at t = 0 (12). Net return 
is a function of seven basic factors that are considered in deciding 
whether or not to migrate, the first three of which determine the 
expected gain to be achieved from foreign labor. P l ( t )  is the 
probability of evading deportation from the destination country at 
different points during the migrant's stay; for the legal migrants, it is 
always 1.0, whereas for undocumented migrants it varies between 0 
and 1.0. P2(t) is the probability of holding a job in the destination 
country at time t, which is roughly indicated by the period 
employment rate. Yd(t) is the income that a migrant can expect to 
earn while working in the country of destination, typically an 
extrapolation of current average earnings over the interval t = 0 to 
n (minus penalities incurred in the event of deportation). 

Balanced against these expected gains are the expected returns 
from other activities. In reality, various alternative activities are 
considered, but for simplicity we consider only the option of 
remaining at home (13). P3(t) is the probability of being employed 
in the home community during the period t = 0 to n; Yo(t) 
represents expected earnings within the community of origin at 
different points in time. The net gain in earnings expected from 
international migration is the difference between the earnings that 
could be earned at home and those expected from abroad summed 
over the time horizon and discounted by a factor r,  which reflects 
the greater utility of money in the present than in the future. In 
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figuring these benefits, of course, it is the perceived values of 
parameters and variables in Eq. 1 that matter. If someone believes 
that good jobs are available at high wages in the United States but 
not in Mexico, that person will tend to migrate, regardless of actual 
conditions. 

In studying the migration decision, research has focused mainly 
on factors related to expected earnings. Studies have considered the 
influence of relative wages and unemployment rates in Mexico and 
the United States (5-7) and have examined the effect of individual 
and household characteristics on migrant earnings (14-16). Recent 
research has used econometric techniques to estimate the earnings 
that migrants would have received if they had stayed at home (17). 
Less attention has been paid to the expected costs of migration, 
C(0). 

The perceived costs of international migration are determined not 
only by distance, transportation technology, and transit fees but also 
by social and economic structures that provide a context for decision 
making. Migrant nenvorks are an important element of social 
structure that strongly influence the perceived costs of international 
movement. Migrants and nonmigrants are enmeshed in a complex 
web of interpersonal ties that transcend the international border. 
They are connected to one another through a dense network of 
reciprocal social relationships that carry mutual obligations of 
assistance and support. In the Mexican context, migrant networks 
are forged from the ties of kinship, friendship, andpazsanaje (18). 
When a nonmigrant has a friend, relative, orpaisano who has been to 
the United States, the potential costs of international migration are 
lowered because he or she is able to draw upon obligations implicit 
in these relationships to acquire assistance in migrating abroad. 

The basic cost facing a potential migrant is the direct monetary 
outlay required to move between Mexico and the United States, 
which includes transit costs, money paid for food and lodging while 
looking for work, and, in the case of undocumented migrants, fees 
paid to guides who arrange surreptitious crossings of the border. 
Mexican migration is highly circular, and migrants often make 
regular trips back and forth, often in their own vehicles (19-21). For 
a new migrant, transit costs are sharply reduced by sharing a ride 
with an experienced migrant who is returning to the United States. 
Border-crossing fees are also lowered by network ties if, through an 
experienced migrant, a new migrant is able to locate a cheap and 
reliable guide. Experienced migrants may even guide friends or 
relatives across the border themselves, eliminating border-crossing 
fees entirely. The expenses of food and rent are also minimized by 
traveling with an experienced migrant and sharing costs or by 
staying with a friend, relative, or paisano who has settled abroad. 

Network connections to inactive migrants living outside the 
United States also have the potential to lower the costs of migration. 
Although transit fees must be borne in full by the individual, the 
direct costs of international movement may be reduced to the extent 
that former migrants can provide novices with valuable knowledge 
that permits cost-saving shortcuts. Migrants who have been to the 
United States once or twice know the names of cheap and reliable 
border guides; they have the addresses of friends, relatives, and 
other pazsanos with whom others might stay. They can also provide 
references to possible employers, as well as information about places 
to eat and shop, apartments or rooms to rent, and busses to take. 
They may even provide undocumented migrants with information 
about how to avoid apprehension and what to do when deported. 
This information reduces the cost of getting established and living in 
the United States. 

Opportunity costs are a second kind of cost incurred in interna- 
tional movement. They consist of the earnings that a migrant 
forgoes while moving, searching for work, and learning a new job. 
Opportunity costs are lowered by shortening the length of time 

between leaving work in Mexico and securing full-time employmen 
in the United States. Part of this effect is measured theoretically b 
PZ, the probability of getting a job, but in practice period employ 
ment rates do not fully capture opportunity costs. A nenilor. 
connection to an experienced migrant significantly shortens th' 
intenral between departure and employment. Through a friend o 
relative's connections in the United States, a job may be arrange( 
before departure or shortly after arrival. Even if a job cannot b' 
arranged in advance, experienced migrants can provide specific jol 
leads that shorten the length of the job search. If a potential migran 
has a connection to a friend or relative who lives abroad, the] 
guaranteed food and lodging permit him or her to devote full tim, 
to securing employment rather than to finding a place to stay. 

Psychic costs are the last cost category in the balance equation 
representing the psychological toll of adjustment to a foreign cultur 
and society, which may be considerable, especiall!~ if the migrant i 
undocumented. The greater the social and cultural distance benveel 
two countries, the greater the psychic costs of migration. Networ 
connections reduce these costs because experienced migrants knok 
people living in Spanish-speaking enclaves in U.S. towns or cities 
and through them entree can be arranged. Incorporation into th 
expatriate community greatly reduces the sense of dislocation anc . -  . 
vukerability for new migrants, providing them with a secure an( 
familiar environment within which to arrive, adapt, and find work 
Blending into the larger Hispanic community also mitigates the fea 
of avvrehension and devortation for those without documents. 

'I 

In summary, network connections to experienced U.S. migrant 
can significantly lower the direct, opportunity, and psychic costs o 
international movement, represented collectivelv by the cost facto 
C(0) in Eq. 1. Networks also affect the returns td migration througl 
their impact on the probability terms P I  and PI, substantially raisin) 
the probability of employment in the United States and increasini 
the likelihood that the migrant will escape arrest and deportation 
Networks transmit information about employment possibilities an( 
job openings efficiently and rapidly from the United States tc 
Mexican sending communities. Having a tie to the migrant networ. 
thus increases the expected returns for a potential migrant b. 
reducing the costs and increasing the gains to be achieved througl 
foreign wage labor, tipping the balance equation decisively in th 
direction of international movement. These considerations are no 
simpl!~ theoretical possibilities. Mexican migrants report makin: 
extensive use of social ties in moving to the United States an1 
finding work (22). 

Networks and the Probability of International 
Migration 

To demonstrate empirically the importance of migrant network: 
we used data collected in Mexico to estimate statistical models tha 
express the probability of U.S. migration among individuals an, 
households as a function of network ties and a set of social an1 
economic characteristics. Two data sets with complementar 
strengths and weaknesses were used. The first provides nationall 
representative data but contains limited information about indivic 
ual migrants. The second provides considerable information abou 
migrants but covers four nonrandomly selected communities locate' 
in two Mexican states. 

The nationally representative sunrey is a probability sample c 
households in rural Mexican communities conducted in Septembe 
and October of 1981 by the Mexican Social Security Institute (23: 
It covers communities of 2500 or fewer inhabitants (which contai 
35% of Mexico's population), and properly weighted it is reprc 
sentative of all households in rural Mexico. In all, the sample cove1 
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Table 1 presents maximum likelihood estimates for a logistic approximately 8000 households in 410 communities. Although 
designed as a fertility sunrey, the questionnaire contained an emigra- 
tion module that solicited the age, sex, departure date, and place of 
residence of familv members who left the household after 1976 and 
were living elsewhere at the sunrey date. From this module, 
households containing active U.S. migrants were identified. The 
module underrepresents international migration because it excludes 
migrants who left benixen 1976 and 1982 but returned before the 
sunrey date. The sunrey, however, was conducted during a time of 
year when most seasonal migrants are abroad, so that migrants who 
left during 1981 were relatively likely to have been counted (24). 

The second source of data is a simple random sample of house- 
holds conducted in four Mexican communities in the states of 
Michoacan and Jalisco, the two largest U.S. migrant-sending states 
(25). The four communities include a rural town of 6100 inhabi- 
tants, an agrarian center of 9900 people, a factory town of 9400 
inhabitants, and an urban neighborhood of 4800 people. The 
sample was taken in December 1982, when seasonal migrants were 
most likely to be at home. Within each household, the sunrey 
identified all persons with U.S. migrant experience and solicited 
detailed information about their first and most recent trips abroad. 
Data were compiled at the individual, household, and community 
levels. Community-level data are of limited statistical value, howev- 
er, because of the small number of communities studied (26). 

These nvo data sets were used to study the determinants of U.S. 
migration by means of logistic regression analysis, which predicts a 
dichotomous outcome by estimating the following equation: P = 

l / ( l  + e-bx), where P is the outcome of interest (migrating to the 
United States or not), x is a vector of explanatory variables, and b is 
a vector of coefficients linking each variable to the predicted 
outcome (27). 

Table 1. Logistic regression of selected personal, household, and communi- 
ty characteristics on the probability that a rural Mexican household sent one 
of its members to the United States between 1979 and 1981 (outcome). 
Dichotomous variables are coded as 1 ~f the household or communin 
possessed the trait in question and 0 if not. 

Predictor ~rariable 

Outcome 

Standard Coefficient error 

Head's chavactevistics 
Age (years) 
Age squared (years) 
Education (years) 
Farm worker (yes = 1) 

Household chal*actevistics 
Land owned (!ies = 1) 
Business owned (yes = 1) 
Dependents per member (proportion) 
Has 1976-79 U.S. migrants (yes = 1) 

Community chavactel*istiw 
Grades of schooling offered (number) 
Transportation and communication 

links (number) 
Households using machinery (proportion) 
Landless families (proportion) 
Agrarian density (persons per hectare farmed) 
Prevailing minimum daily wage (pesos) 
1976-79 U.S. migrants (proportion) 
Agriculture only employment (yes = 1) 
Indians in community (yes = 1) 

Intercept -4.435" 0.940 

Reduction in X 2  1987.530" 

Nulnber of cases 7873 

*Coefficient significant at P < 0.05. 

" 
regression analysis of the national sunrey of rural communities. The 
household was the smallest unit for which data were available, so 
that the outcome variable is whether or not a household contained a 
U.S. migrant who left during 1979-81. The exercise predicts the 
probability that a household sent migrants to the United States as a 
function of the head's socioeconomic background, household char- 
acteristics, and communitv variables. 

The choice of independent variables was limited by data con- 
straints but was guided by economic and sociological theory (28, 
29). Since the principal migrant in most cases is the household head, 
economic theory led to the selection of variables related to the head's 
potential productivity, such as age, education, and occupational 
skill. Economic theory also suggests that labor supply is governed by 
the balance between a household's needs and resources, so that 
indicators of dependency and wealth are also included. sociological 
theory focuses on the social and economic context within which 
migration decisions are made; the analvsis therefore also includes " 
indicators of community wealth, local economic opportunity, and 
geographic and social isolation. 

Connections to migrant networks were measured in mro wavs. At " 
the household level, a network connection was indicated by the 
household's having a member who left during 1976-78 and was still 
outside the countnl in 1981. Such a migrant provides a great deal of 
social capital to o&er household members contemplating a foreign 
trip during 1979-81. The second indicator is the proportion 
of the population within each community that migrated during 
1976-78 and was still abroad in 1981, which indicates the general 
availability of network connections to members of the comm&ity in 
1979-81. 

The results of Table 1 show that both network indicators have 
strong positive associations with the likelihood of migration to the 
United States and are highly significant statistically. Respondents 
from communities with a relatively large number of prior (1976- 
78) U.S. migrants were much more likely to send migrants abroad 
during 1979-81. Likewise, households containing expatriate mem- 
bers who left during 1976-78 were considerably more likely to send 
migrants abroad during the subsequent interval. 

This pattern could also reflect the effect of unobserved heteroge- 
neity in the data, involving a serial correlation between population 
characteristics and migration across communities. That is, places 
containing residents with characteristics positively associated with 
migration in the past will continue to have such people in the future 
and will continue to send migrants abroad. This interpretation is 
made somewhat less tenable bv the fact that characteristics of 
migrants leaving a community tend to shift over time, becoming less 
selective and more representative (22). Nonetheless, the set of 
community controls is too limited to eliminate the possibilitv that 
unobserved heterogeneity accounts for the results, and it must be 
considered an alternative explanation. 

The potential impact of networks on the probability of U.S. 
migration is suggested by Table 2, which predicts migration proba- 
bilities during 1979-81 for an average rural household with selected 
network connections. To generate these probabilities, mean values 
were given to all variables except the nvo network indicators, which 
were varied systematically. ~ s s u m e d  variable values were multiplied 
by the estimated coefficients from Table 1 and combined with the 
intercept to estimate the probabilities shown (30). This procedure 
holds individual, household, and community characteristics con- 
stant to reveal the effect of network variables by themselves. 

According to the estimates of Table 2, a typical rural Mexican 
household in a community without migrants had a 0.015 probabili- 
ty of sending someone to the United States during 1979-81, other 
factors being equal. When prior (1976-78) U.S. migrants made up 
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5% of the population, this probability rose to 0.032; when they 
made up lo%, it climbed to 0.069. At 15% and 20% of the 
population, the household migration probabilities were 0.141 and 
0.267, respectively. When the effect of having a migrant in the 
household is factored in, the probabilities rise substantially, to 0.277 
in communities where prior migrants were 10% of the population 
and 0.459 in places where they were 15% of the population. Access 
to network connections in households and communities appears to 
effect a strong increase in the likelihood of migration to the United 
States from Mexican rural areas. 

This finding is corroborated by Table 3, which repeats the analysis 
using data from the four local communities. In contrast to the 
preceding analyses, this equation uses individuals as units of analy- 
sis. It predicts whether or not males aged 15 to 64 migrated to the 
United States at any time during 1980-82. Because the outcome 
variable includes migrants who returned as well as those who were 
still away, it does not understate the incidence of U.S. migration to 
the same extent as the preceding analyses (31). 

A greater variety of individual- and household-level variables is 
available from the community samples, but only one community- 
level variable is included, and this indicator should be interpreted 
with caution because of the small number of data points. As before, 
the analysis includes variables related to personal productivity (age, 
education, labor force experience, and occupational skill) and labor 
supply pressures within the household (dependency, headship, and 
resources for local support). Nenvork connections are measured at 
three levels: (i) at the individual level a connection exists if a 
respondent reported U.S. migrant experience before 1980; (ii) 
within the household a nenvork tie is indicated by the presence of 
another family member with pre-1980 migrant experience; and (iii) 
within the community the relative number of pre-1980 migrants 
indicates the extent to which network ties are generally available to 
community residents during 1980-82. To generate more variability 
in the latter indicator, we expressed the number of migrants relative 
to the number of households rather than the number of persons, 
giving a variable that ranged from 0.24 to 0.67. 

In each case, network connections strongly elevated the probabili- 
ty of migration to the United States, other factors being equal. 
Having migrant experience before 1980 markedly increases the 
likelihood that a man will go to the United States after 1980. (The 
effect of prior migrant experience is not entirely due to network 
connections, however, since knowledge and confidence also increase 
with experience.) Similarly, the presence within the household of 
another family member with prior migrant experience increases the 
probability of U.S. migration during 1980-82, and residing in a 
community with a relatively high prevalence of migrants strongly 
raises the probability of emigration. If the equation of Table 3 is 
used to generate predicted probabilities of U.S. migration in the 
same manner as that of Table 2, sharp increases in the probability of 
U.S. migration are also observed as network connections multiply. 

Networks and Migratory Momentum 
The existence of networks and their role in channeling migrants 

from particular origin communities to specific destination areas have 
long been recognized (32, 33). Less widely understood is how social 
networks dramatically lower the costs of international movement 
and give a powerful momentum to the migration process. Once the 
number of migrants reaches a critical level, expanding networks 
cause the costs of international movement to fall and the probability 
of international migration to rise; these two trends feed one another, 
and over time international migration becomes a mass movement 
involving all segments of society. Nenvorks provide a social infra- 

Table 2. Predicted probability that a rural Mexican household sent migrants 
to the United States during 1979-81 given selected connections to migrant 
networks. 

Presence Proportion of 1976-78 
of 1976-78 migrants in community 
migrants in 
household 0.00 0.05 0.10 0.15 0.20 

No 0.015 0.032 0.069 0.141 0.267 
Yes 0.072 0.142 0.277 0.459 0.653 

structure capable of supporting international migration on a mass 
basis. 

International migration may begin for various reasons. It may be 
initiated by private recruitment (34), by intergovernmental arrange- 
ment (35), as a response to economic dislocation (22, 36, 3 3 ,  or as 
part of a conscious strategy of self-improvement by highly motivated 
families or individuals (38). In each case, a change in the status quo 
usually tips the balance equation in favor of movement by increasing 
the net returns to migration. Studies obsenre that, in its early stages, 
international migration is usually confined to some narrow segment 
of the population clearly distinguishable in social, demographic, and 
economic terms. Once begun, however, it displays a strong tendency 
to expand ounvard through the social structure (22, 39). 

The first migrants have no social ties to draw upon, and for them 
international migration is a risky proposition. The first international 
migrants are typically not from the bottom of the socioeconomic 
hierarchy but from the lower middle ranges (40). People in these 
strata have sufficient resources to risk a trip but not enough local 
earning ability to make foreign employment unattractive. Families at 
the bottom of the socioeconomic hierarchy cannot afford to risk 
their meager resources, which are often borrowed, on a hazardous 
journey and an unproven economic strategy. 

When the first migrants return, however, they are not the same as 
when they left. They have acquired valuable experience abroad, and 
their tastes and expectations have changed. Evidence shows that 
once someone has migrated internationally, that person is likely to 
return for subsequent trips (21, 41). Friends and relatives are likely 
to accompany repeat migrants on these journeys, since the presence 
of an experienced migrant substantially reduces the costs and risks of 
international movement, especially if it is undocumented (19, 20). 
When these new migrants return home, they also have valuable 
international experience and important contacts with foreign em- 
ployers and institutions. And they too are likely to return with other 
friends and relatives. 

Because of the nature of kinship and friendship structures, every 
new migrant creates a set of people with social ties to the destination 
country. Migrants are inevitably linked to nonmigrants through a 
nenvork of reciprocal obligations based on shared understandings of 
kinship and friendship. Nonrnigrants draw on these obligations to 
gain access to foreign employment. Once the number of migrants in 
a community reaches a critical level, migration becomes self-perpet- 
uating because every new migrant reduces the cost of subsequent 
migration for a set of friends and relatives. By lowering the costs of 
migration, these people are induced to migrate, which further 
expands the set of people with ties abroad and, in turn, reduces the 
costs for a new set of people, inducing some of them to migrate, and 
so on. The U.S. immigration law reinforces this dynamic interaction 
between networks and migration because it grants immigrant visas 
primarily on the basis of kinship to an immigrant alien or citizen 
(42). Thus every legal immigrant admitted in a labor-certified 
category creates 0.6 to 0.7 new adult immigrants and an additional 
0.5 immigrant children within 10 years of entry (43). 
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As the migration process develops, some migrants eventually 
establish roots in the receiving society and settle to form the nucleus 
of daughter communities (22,41,44). These communities consist of 
migrants from specific parent communities who have established 
residence in a U.S. town or city. Daughter communities develop 
slowly at first, but like networks they grow rapidly over time. Their 
emergence reinforces the operation of migrant networks by provid- 
ing a stable anchor within the receiving society. A growing commu- 
nity of resident out-migrants provides a secure and stable environ- 
ment within which new migrants arrive and adapt. 

Through the progressive elaboration of migrant networks, inter- 
national migration spreads throughout a sending society. Its expan- 
sion is made possible by an earnings differential, but the rapid 
growth of international migration is not fully explained by the 
earnings gap itself, which fluctuates around a trend. The probability 
of migration is steadily increased by the rapidly falling costs of 
international movement that follow from the geometric expansion 
of the migrant networks. Eventually, virtually all members of a 
sending community have access to foreign employment. For Mexi- 
cans from communities at this stage of network development, it is 
easier to migrate and find work in Los Angeles or Chicago than in 
Mexico City or Guadalajara (19, 20, 22). 

Summary and Discussion 
International migration is a social, as well as an economic, 

process. Networks of interpersonal relationships between migrants 
and nonmigrants are important social institutions that bridge the 

to take advantage of the economic potential created by a persistent 
earnings differential. Networks operate to lower substantially the 
direct,-opportunity, and psychic costs offoreign labor, and they shift 
the calculation of expected net earnings decisively in the direction of 
international movement. 

By progressively altering the social context within which the costs 
and benefits of migration are determined, migration feeds back on 
itself to become self-perpetuating. Each new migrant lowers the 
costs of migration for another group of nonmigrants, inducing them 
to take up international movement and reducing the costs for yet 
another set of people. Because networks persist and grow irrespec- 
tive of social and economic trends, international migration acquires 
a strong endogenous momentum. Over time it tends to become 
independent of the conditions that originally caused it (44). Interna- 
tional migration may be curtailed by an external shock (a depression, 
war, or draconian enforcement) or in the long run by a reduction of 
wage differentials. but in the short te rm it tends to be self- " 
perpetuating. An appreciation of the social nature of immigration 
thus suggests that Mexican migration to the United States will 
persist and that it will be more difficult and costly to control than 
many Americans believe. 
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The Large Crater Origin of SNC Meteorites 

A large body of evidence strongly suggests that the 
shergottite, nakhlite, and Chassigny (SNC) meteorites 
are from Mars. Various mechanisms for the ejection of 
large rocks at martian escape velocity (5 kilometers per 
second) have been investigated, but none has proved 
wholly satisfactory. This article examines a number of 
possible ejection and cosmic-ray exposure histories to 
determine which is most plausible. For each possible 
historv. the Melosh svallation model is used to estimate 
the si& of the crater riquired to produce ejecta fragments 
of the required size with velocities r 5  kilometers per 
second and to vroduce a total mass of solid eiecta consist- 
ent with the bbserved mass flux of SNC meteorites. 
Estimates of crater production rates on Mars are then 
used to evaluate the probability that sufficiently large 
craters have formed during the available time. The results 
indicate that the SNC meteorites were probably ejected 
from a very large crater (>lo0 kilometers in diameter) 
about 200 million years ago, and that cosmic-ray expo- 
sure of the recovered meteorites was initiated after colli- 
sional fragmentation of the original ejecta in space at 
much later times (0.5 to 10 million years ago). 

A CONSIDERABLE AMOUNT O F  PETROLOGICAL, GEOCHEMI- 

cal, isotopic, and noble gas information (1) strongly sug- 
gests that the shergottite, nakhlite, and Chassigny (SNC) 

meteorites originated on Mars. The major problem with the martian 
hypothesis has been the dynamic one of how large, coherent masses 
of rock might be launched to martian escape velocity, 5 km sec-I, 
especially since many of the SNC meteorites show little or no 
evidence of extensive shock damage. This article investigates a 
number of possible ejection histories to find the most plausible one. 

One of the most unusual characteristics of the SNC meteorites is 
that they are very young. The nakhlites and Chassigny have well- 
established crystallization ages of - 1.3 Ga (1 Ga = lo9 years) (1). 
The isotopic systematics of the shergottites are complicated and 
difficult to interpret because of heavy shock damage. There is some 
evidence for a - 1.3-Ga cn~stallization age in the samarium-neodym- 
ium system (Z), but Chen and Wasserburg (3) found no evidence for 
a 1.3-Ga event in the uranium-lead system. Rubidium-strontium 
and uranium-lead internal isochrons ( 2 4 )  give ages of 180 to 200 
Ma (1 Ma = lo6 years), which these investigators ( 2 4 )  believe 

dates the shock event. Chen and Wasserburg (3) interpreted the old 
(-4.5 Ga) rubidium-strontium whole rock ages and the differing 
initial lead ratios among the shergottites as indicating that they were 
closed systems benveen -4.5 Ga and 200 Ma ago; that is, the whole 
rock ages are the crystallization ages. Other investigators (5 )  postu- 
lated that the shergottites crystallized as recently as 180 to 300 Ma 
ago. In sum, the nakhlites and Chassigny are 1.3 Ga old, and the 
shergottites may be the same age, much older, or much younger. 

The ages of the SNC meteorites are important to the dynamic 
problem of the ejection of rocks from Mars because only 10 to 15% 
of the surface area of Mars, on which the largest crater is -30 km in 
diameter, is believed to be less than 2 Ga old (6). Thus, if all the 
SNC meteorites are 5 1 . 3  Ga old, they must come from a restricted 
portion of Mars and must have been ejected from a crater or craters 
2 3 0  km in diameter; alternatively there might be a young volcanic 
center in terrane that is classified as old, or the hypothesized 
chronology of the martian surface is inadequate. The most severe 
dynamic problem for a martian origin of the SNC meteorites is that 
shock pressures great enough to accelerate material from rest to 5 
krn sec-I or more are generally expected to melt or vaporize the 
material (7). lMelosh (8, 9 )  demonstrated that near-surface material, 
subjected to low shock pressures but high stress gradients, is ejected 
at high velocity and may be in the form of relatively large fragments. 
If the source crater were 2 3 0  krn in diameter, however, the largest 
spa11 from the near-surface zone that is ejected at 2 5  km sec-I 
would be 5 1 m in size (10). A study of the drag acceleration of solid 
ejecta by an impact-generated vapor cloud (11) similarly showed 
that the maximum size fragment that can be accelerated to 1 5  krn 
sec-I is 5 1  m. Nyquist (12) proposed that high-velocity, ricochet- 
ing projectile debris from a very oblique impact could accelerate 
entrained rocks to very high velocities, but numerical modeling of 
this process (13) showed that only small ( 5 1 0  cm) rocks lying on 
the surface before the impact could become entrained in the down- 
range jet and survive acceleration to martian escape velocity. Thus, if 
all the SNC meteorites are from the young terrane of  mars, they 
must have been ejected from a crater or craters 5 3 0  km in diameter, 
which is only possible if the original fragments were 1 m in 
diameter. 

Two kinds of evidence can constrain the sizes of these original 
fragments. The most straightforward is based on recovered mass. 
Nakhla has the largest recovered mass, -40 kg (14). The velocity 
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